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Abstract 
High Speed Sintering (HSS) is a new and innovative Rapid Manufacturing (RM) process 
that enables the manufacture of complex 3D geometries from polymer powders. The 
process utilises an ink jet print-head, which selectively deposits a Radiation Absorbing 
Material (RAM) onto a preheated bed of Duraform Polyamide (PA) powder, thus creating 
regions of increased emissivity. These printed regions are then sintered using a short burst 
of thermal energy from an Infra-Red (IR) lamp; conversely, due to the difference in 
emissivity, unprinted regions remain as powders. The work presented within this thesis 
expands the knowledge surrounding the HSS process; wherein its main contribution is a 
validated procedure which tests the suitability of new RAMs for HSS through the analysis 
of their spectral emissivity. 
In developing the procedure for selecting new RAMs, it was first identified that for 
efficient energy transmission from one surface to another, the spectral emissivity of the 
transmitting surface must be well matched with that of the absorbing surface. This finding 
was applied to HSS, and consequently, it was suggested that for sintering to occur, the 
spectral emissivity of the IR lamp must be well matched with the spectral emissivity of the 
RAM and not the polymer powder. 
In order to investigate this, the spectral characteristics of the HSS IR lamp and a selection 
of RAMs were then determined, and an Energy Absorption Value (EA V), a value which 
quantified how well the spectra overlapped, was defined. The EA V was then validated 
through the manufacture of a series of tensile test specimens using each RAM, which were 
then tested for their mechanical properties and Degree of Particle Melt (DPM). Strong 
correlations were found between the EAV, DPM and each mechanical property. These 
results consequently validated the effectiveness of the EA V and its potential use to select 
new RAMs for HSS. 
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Glossary of terms 
Absorption 
Blackbody 
Emissivity 
Enthalpy of fusion 
Irradiance 
Molecule 
Monochromator 
Monomer 
Polymer 
Polymerisation 
The act of a body to retain energy without reflecting or 
transmitting when irradiated with Electro Magnetic 
Radiation (EMR). 
A theoretical perfect absorber and emitter of all incident 
radiation. 
The ratio of the radiation emitted or absorbed by a surface to 
the radiation emitted or absorbed by a blackbody which 
exhibits the same surface temperature. 
The amount of thermal energy required for one mole of a 
substance to change state, i.e. from solid to liquid. 
The total emissive EM power incident upon a surface per 
unit area. 
A molecule is an assembly of two or more atoms possessing 
a definite arrangement which are held together by chemical 
bonds. 
An instrument used to isolate specific small bands of 
wavelengths from a Electro Magnetic beam. 
A single molecule that can combine together to form a 
polymer. 
A large molecule consisting of a large quantity of repeating 
units (monomers). 
The joining of two or more monomers to form a polymer. 
viii 
Spectral emissivity 
Spectral irradiance 
Spectroscopy 
Super cooling 
Thermoplastic 
Thermoset 
The ratio of the radiation emitted or absorbed by a surface at 
a specific wavelength to the radiation emitted or absorbed by 
a blackbody at the same wavelength, with the same surface 
temperature. 
The total emissive power incident upon a surface per unit 
wavelength, per unit area. 
The measurement of the interaction of radiant energy with 
materials. 
Supercooling occurs when a substance is cooled below the 
temperature at which, under normal circumstances, a change 
in state would occur. 
A polymer material which can be remelted and processed 
into another form. 
A polymer material that, once heated and formed, cures and 
cannot be remelted and formed into another form. 
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x 
LM Layer Manufacturing 
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MIT Massachusetts Institute of Technology 
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NPL National Physics Laboratory 
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PC Poly Carbonate 
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PMT Photo Multiplier Tube 
RAM Radiation Absorbing Material 
RM Rapid Manufacturing 
RP Rapid Prototyping 
Si Silicon 
SIS Selective Inhibition Sintering 
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SLS Selective Laser Sintering 
SMS Selective Mask Sintering 
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SSS Solid State Sintering 
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Chapter 1 
Introduction 
This chapter provides an overview of the work within the thesis. In 
particular, it first provides information upon funding of the project, 
which is then followed by a detailed introduction to the work reported 
within the thesis. This isfollowed by a summary of the thesis structure. 
1 
1.1 Context 
The work presented within this thesis is the result of a 3 year, industrially funded, project 
performed within the Wolfson School of Mechanical and Manufacturing Engineering at 
Loughborough University. The project was funded by the Innovative Manufacturing and 
Construction Research Centre (IMCRC) with additional funding and project support 
provided by Xaar®. The support from Xaar has provided an industrial focus to the work, 
and consequently, many of the conclusions have applications beyond research itself. 
1.2 Introduction to the work 
The use of Layer Manufacturing (LM) processes to manufacture end use parts (Rapid 
Manufacturing (RM)) has been a growing field within recent years. However, since many 
LM processes were initially designed for use within the Rapid Prototyping (RP) market, 
issues such as process speed and machine cost have affected their development into 
successful manufacturing processes. As a result, research and industry have focussed their 
efforts to invent new LM technologies which could manufacture parts more cheaply and 
quickly than current techniques. Of particular interest to this work is High Speed Sintering 
(HSS), which is a new RM technology invented at Loughborough University. 
The High Speed Sintering process is a new and innovative RM process that enables the 
manufacture of complex 3D geometries from polymer powders. In essence, the process 
works in a similar way to Selective Laser Sintering (SLS), however, instead of using a 
laser to selectively sinter polymer powder particles, an inkjet printhead is first used to 
selectively deposit a Radiation Absorbing Material (RAM) over a bed of preheated 
Duraform Polyamide (PA) powder. This creates regions with increased emissivity where 
the RAM has been deposited. The entire part bed is then exposed to thermal energy from 
an Infra-Red (lR) lamp and sintering occurs within the printed region as it absorbs energy 
at a higher rate than unprinted areas. A three dimensional (3D) part is then manufactured 
by the repeated deposition of powder layers, which are selectively printed upon and 
radiated with thermal energy. 
At the start of this work, only one useable RAM had been established for HSS. It was 
suspected that different RAMs may be useable within HSS, however, a mechanism for 
identifying and selecting such RAMs was not available. This thesis was therefore 
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commissioned by the IMCRC and Xaar to establish a method by which the suitability of 
new RAMs for HSS could be determined. 
Initial literature work established that for materials to efficiently absorb radiant energy, and 
to increase in temperature, the spectral range of the incident radiant energy must be well 
matched with the spectral absorption characteristics of such materials. Furthermore, it was 
also determined that the spectral absorption characteristics of a material could be altered, 
and consequently improved for specific applications, through the addition of IR absorbers 
to the base material. 
These findings then led to a hypothesis that it should be possible to compare the spectral 
irradiance of the HSS IR lamp to the spectral absorption of a RAM to give an indication of 
how well matched the RAM was to the spectral emission of the lamp. Furthermore, with 
increased matching, it was thought that increased energy absorption would occur and thus 
an increase in the mechanical properties of the parts. This hypothesis was investigated and 
measurements were taken to determine the spectral irradiance of the HSS IR lamp and the 
spectral absorption of a number of RAMs. The spectra were then compared and a 
quantified value for each RAM was calculated. This value was named the Energy 
Absorption Value (EA V). The EA V therefore represented how well the spectral lamp 
emission matched the spectral absorption of each RAM. 
The EA V s were then validated through tensile test and Differential Scanning Calorimetry 
(DSC) specimens that were manufactured on the HSS machine using each RAM. Analysis 
of the data from the tensile test specimens demonstrated a strong correlation between EA V 
and Elongation at Break (EaS), Ultimate Tensile Strength (UTS) and Elastic Modulus 
(EM). These results indicated that as the EA V of a RAM increased, the amount of energy 
absorbed by the RAM when used in the HSS process also increased and thus led to an 
increase in the degree of sintering. This conclusion was further corroborated from the 
DSC specimens, wherein traces produced from the HSS parts indicated an increased 
Degree of Particle Melt (DPM) with increased EAV. 
The relationships found between the EA V and the mechanical and physical properties of 
HSS parts therefore demonstrate the use of the EA Vasa preliminary tool to evaluate the 
suitability of a RAM to be used within the HSS process. Industrial applications of this 
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work are such that new RAMs for use in HSS can be initially identified through 
measurement of their EA V. Furthermore, selection of such RAMs has also been shown to 
be independent of visual colour, thus broadening the potential of HSS to offer alternatives 
to black parts. 
1.3 Thesis structure 
Figure 1.1 overleaf illustrates the structure of the work presented within this thesis. The 
first main aspect of the work lies within the literature review. The literature review has 
been separated into three separate chapters; Chapter 2: Rapid Prototyping and 
Manufacturing, Chapter 3: Polymers and polymer sintering and Chapter 4: Heat transfer 
and energy absorption. 
Chapter 5: Research methodology summarises findings within the literature and reports the 
main research questions of the work. This is then followed by chapters 6- 10, in which the 
experimental work is reported. 
Chapters 11 and 12 then detail the conclusions and further work. 
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Chapter 2 
Rapid Prototyping and Manufacturing 
This first chapter within the literature review discusses the fields of both 
Rapid Prototyping and Rapid Manufacturing. The chapter begins by 
introducing the concept of conventional prototyping, which is then 
followed by an overview of Rapid Prototyping. 
The next section proceeds by outlining the potential benefits and 
drawbacks of using Rapid Prototyped parts in end use applications 
(Rapid Manufacturing). This discussion is led from a manufacturing 
aspect, covering issues such as the standard requirements of 
manufacturing processes and the potential economical benefits when 
selecting Rapid Manufacturing over conventional processes. A number 
of existing and developmental Rapid Manufacturing processes are then 
reviewed. This final section also introduces the High Speed Sintering 
process. 
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2.1 Rapid Prototyping 
2.1.1 Introduction to prototyping 
The manufacture of prototypes is a widely used tool within the development phase of any 
engineering project. Whether prototypes are used for aesthetic or functional purposes, 
their feedback into a project can playa vital part in its progression and success 1,2. For 
example the aluable time spent iterating a design can cut tool costs, and improve product 
quality by erifying and altering designs before committing to expensive tooling. 
Traditionall prototypes have been made using wood, foam, and more recently by C C 
machining. The older techniques were often found to be slow, and in all cases the 
mat rials er often not representative of a mass produced product's properties3. In the 
last twenty ears4, the manufacture of prototypes has entered a new phase dri en by 
numerou new and innovative layer manufacturing processes; these have been named 
Rapid Prototyping (RP) processes. Employing RP technologies has been shown to 
produce prototype that can be used to assess the aesthetic features or test functional 
prop rties of a future product. Additionally, RP prototypes can often be manufactured 
more quickly (hence their name) and cost effectively than traditional prototyping 
technique 1,7,6 . 
2.1.2 Rapid Prototyping 
Unlike machining processes, which are subtractive in nature, all RP processes are 
additi 7 In gen ral they are a group of technologies which consecutively build up 
selecti ely hap d 2 Dim nsional (2D) layers to manufacture 3 Dimensional (3D) objects. 
Consequentl the e proc es are often referred to as layer manufacturing (LM) processes. 
This concept i illu trated in Figure 2.1. 
Fi ure 2.1 - The concept of u ing 2D layers to build up a 3D modelS 
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RP parts can be manufactured using a variety of materials (polymers, metals or ceramics) 
and from many different material forms; for example, layers of liquid, powder, or sheet 
materials can be polymerised, sintered or bonded together to produce 3D objects9• 
The manufacture of an RP part begins by producing a virtual model of the part using a 
Computer Aided Design (CAD) package. The CAD file containing the virtual model is 
saved and then converted into an .stl file which is then sent to an RP machine. Software 
within the RP machine then slices the .stl file into thin cross-sectional layers, with the 
thickness dependent upon the process selected. The RP machine then continuously builds 
each layer on top of the previous, until the desired part has been manufactured. 
In some cases, aspects of the part's geometry such as overhanging features, require extra 
support. In many powder and sheet based processes, the excess material within each layer 
supports these features. However, in most liquid based processes, additional support 
structures are required as the un-processed liquid can often not support these structures. If 
this is necessary, support structures are manufactured at the same time as each layer, using 
either the same or a different material. The series of steps required to manufacture RP 
parts is illustrated in more detail in Figure 2.2. 
Figure 2.2 starts by illustrating an .stl CAD model of an object (Part A), followed by an 
example of how the .stl model would be sliced into layers (Part B). The manufacture of 
each layer is then illustrated and shown to be supported by either the excess material 
within each powder or sheet layer (Part C-l) or by support structures within some liquid 
layers (Part C-2). The final image illustrates an example of the final part as a rendered 
image (Part D). 
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Figure 2.2 - tep involved in manufacturing an RP part: a). 3D .stl model of part, b) .. stl model sliced 
into 2D layer , c). Orthographic side view illustrating the manufacture of part in 1). A self supporting 
build environment (e.g. powder or sheet) or 2). with built-in supports (e.g. liquid), d). Rendered image 
of the final part8 
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The ability to build up selectively shaped 2D layers enables most RP technologies to 
manufacture prototypes that represent the geometrical, and in some cases functional , 
properties of their production volume counterparts. However, in addition to these 
capabilities the manufacturing features of RP technologies also enable the production of 
parts with complex geometries, overhanging features, nested structures and thin walls -
examples of these geometries are illustrated in Figure 2.3. This aspect of their 
manufacturing capability does not lend itself to prototyping, as most conventional 
processes can not replicate these features. However, these geometric advantages are 
important and are discussed later within this chapter. 
Figure 2.3 - RP parts made using a) 3D Printing lO, b) Stereolithographyll and c) EnvisionTECl2 
The next section within this chapter now describes the most relevant RP process to this 
work; Laser Sintering (LS). 
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2.1.3 Laser Sintering 
Laser sintering is a powder based RP technology commercialised by 3D Systems and 
Electro Optical Systems (EOS)9. The machines produced by these companies have a 
number of different features; invariably due to patents. Both systems are now described 
below. 
Selective Laser Sintering - 3D systems 
The generic system layout of SLS machines is illustrated in Figure 2.4. In most cases, a 
SLS machine consists of a laser and three moving powder beds; one central part bed and 
two powder supply beds either side. Each of the three powder beds also has its own flat 
bed heater positioned directly above it. However, the heater above the main part bed 
differs slightly to the others in that it possesses a central hole, through which the laser 
beam is directed onto the part bed. 
Scanning Mirron; 
Figure 2.4 - Selective laser sintering13 
Laser Sintering - EOS 
The Laser intering machines manufactured by EOS work in a relatively similar way to 
that of 3D ystems. The most notable differences lie in the deposition of powder onto the 
part bed wherein the EOS system delivers heated powder via a hopper situated above the 
part b d. The powder i then spread across the bed using a patented wiper blade. 
To proces em i-cry talline polymers using these machines, the main part bed is fIrst 
preheated to ju t below the polymer' s melt temperature using the flat bed heaters 13 . The 
la er then cans th fIr t 2D slice fIle from the .stl fIle onto the main part bed. At the points 
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where the laser interacts with the polymer powder in the part bed, the polymer's 
temperature is increased to above its melt temperature. This interaction results in 
coalescence of the selected polymer particles, joining them together and, if appropriate, to 
the 2D layer below6. Additional layers are processed on top until the entire part is built. 
Once complete, the build chamber is allowed to cool down and the parts are removed. 
Further scientific aspects of this process are discussed in Chapters 3 and 4. 
One of the main benefits of SLSILS is that the un-sintered polymer powder present within 
each layer acts as a support to the part or parts being manufactured. The excess powder 
therefore provides a self-supporting build environment6. This feature enables parts to be 
manufactured that include overhanging features without the need for support structures. 
Furthermore, once the parts are built, little post processing is required6. 
SLS/LS processes can process a range of polymer materials (both semi-crystalline and 
amorphous); examples of these include Durafonn@ PA (Nylon 12)14, Duraform@ PP 
(similar to polypropylene)15 and Primecast® 101 (Polystyrene) 16. SLS parts are used in a 
range of proto typing applications from aesthetic to fit and function testing. 
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2.2 Rapid Manufacturing 
2.2.1 The motivation behind Rapid Manufacturing 
The fir t section within this chapter introduced the unique manufacturing advantage of the 
supportive build volume along with the capability of these processes to selectively process 
specific areas within each 2D layer. The effect of these characteristics upon the geometry 
of the parts enables the manufacture of complex geometries as illustrated in Figure 2.5 17 • 
Figure 2.5 - The geometric freedom ofRP parts18 
In many cases, these complex geometries cannot be produced using conventional moulding 
or machining processes. Consequently the geometric capabilities available when using RP 
technologies are often referred to as geometric freedom within the RP industryl9. It is this 
unique advantage and characteristic which has motivated designers and engineers to move 
beyond th use of RP machines to manufacture prototypes, and to develop their capabilities 
toward true manufacturing machines. This idea is now explored further in the rest of this 
chapter. 
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2.2.2 Introduction to Rapid Manufacturing 
The requirements demanded of manufacturing processes are much greater than those 
expected of prototyping processes. Fundamentally, mass manufacturing processes are 
expected to produce medium to large volumes of parts quickly, at cost effective prices 
whilst reducing the necessity of post processing. Furthermore, the aesthetic, dimensional 
and physical prop rties of a part must also consistently fall within acceptable regions. 
Many well established plastic processing technologies such as injection moulding and 
vacuum forming meet these requirements and are often selected when determining a 
product' s manufacturing method. However, the inherent use of mould tools in these 
processes both inhibits and determines some of the designs and features of moulded parts; 
therefore creating an inherent set of design rules l3. For example, parts manufactured using 
mould based technologies need to possess sloping sides (draft angles) to enable their 
successful removal from the mould tool. Furthermore, pin marks can feature on some 
surfaces due to the interaction of ejector pins with the part; a requirement necessary to 
eject the part from the mould tool. Figure 2.6 illustrates these and other part characteristics 
on an injection moulded geometry. 
Parting line found where 
both moulds have met. 
Sprue gate 
where molten 
polymer was 
injected. 
Figure 2.6 - The inherent features of injection moulded parts 
The 'design rule that are adopted when using conventional moulding processes have 
de eloped an asp ct of engineering called Design For Manufacture (DfM)20. In this 
situation a de ign r follows a specific and relatively large set of rules when designing parts 
to b manufactur d u ing traditional processes such as injection moulding or acuurn 
forming 13 . Howe r because of the tool-less nature of RP processes, the number of design 
rul s ilo er in comparison to conventional techniques 13. Therefore, the geometric 
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freedom that can be employed when designing RP parts increases dramatically. F or this 
and other factors such as processing speed and part cost, the application of RM parts has 
grown and now covers a number of unique areas, for example personalised hearing aids 
manufactured on SL systems21 • When Layer Manufacturing systems are used to 
manufacture parts that are used directly as finished products or components, a term called 
Rapid Manufacturing (RM) is applied5• 
However, RM is still a new technology and consequently, the existing RP processes used 
to make end use parts do not fulfil all of the requirements of effective manufacturing 
processes. The next sections now discuss the advantages and current limitations of RM in 
more detail before presenting a number of fields in which end use parts manufactured from 
RP machines have been successfully adopted. The chapter then finishes by discussing 
systems which have either evolved or been specifically designed for competing in the RM 
field and of particular interest, High Speed Sintering (HSS). 
2.2.3 Design benefits of Rapid Manufacturing 
The term geometric freedom was previously described in Section 2.2.1 and a unique RP 
structure was illustrated. When this term is applied to manufacturing, the increased 
geometric freedom enables RM parts to be designed which are optimised for functionality 
or shape, where previously conventional manufacturing processes were inhibiting due to 
their design constraints22• Furthermore, the design freedoms available also enable the 
number of parts in an assembly to be reduced 13,23. 
Further design related benefits of RM include the ability to customise and/or personalise a 
product to both an individual's personal preference and body shape. Figure 2.7 gives 
examples for each of these benefits. The first demonstrates the use of RM to manufacture 
textiles, where these textiles can be customised to an individual's colour and/or style 
preference2s • The second image demonstrates a laser sintered dress manufactured using 
nylon-12 which has been personalised to fit a users shape24• 
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Figure 2.7 - Examples of customisation and personalisation (a - customisation of RM textiles2S and b-
personalisation of an RM textile dress24) 
This overview has highlighted some of the advantages gained through the geometric 
freedom of RPIRM processes. Overall, the design freedom allows designers and engineers 
to optimise their designs, and therefore improve the match between a product's initial 
specification and its final geometry and functionality. The next section now identifies the 
potential economical benefits of RM. 
2.2.4 Potential economic benefits of Rapid Manufacturing 
In addition to these design based benefits, the tool-less nature of RPIRM technologies has 
many potential benefits' the most obvious being part costs. Firstly, the absence of tooling 
reduces the initial costs and lead times when manufacturing new products26. Furthermore 
by adopting RM companies can fit in with the current market trend of increased product 
diversity hich leads to a decrease in production volumes and product life cycles27 . In 
addition a designs are not frozen within tools, design changes can be made easily without 
incurring any additional costs or time penalties found with tooling changes28 . Finally as 
the co t of manufacturing RM parts is not linked to a part's complexity, companies can 
create unique geometries at the same cost and in the same time as simple geometries of a 
similar ize. This characteristic therefore gives businesses the potential to create unique 
product which could improve their market position. 
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Howe er it is only recently that the employment of RM has begun to be taken seriously. 
For example e en though the benefits are seemingly obvious, it can still be a common 
preconception that selecting RPIRM technologies for appropriate manufacturing 
application will result in high part costs; thus making the technologies too expensive for 
most markets 13 . Consequently, a number of research studies were performed to determine 
the approximate part cost of various LM processes22, 28, 29. 
One of the first research studies that investigated the theoretical economic production 
volumes of RP processes when compared to injection moulding, was performed by 
Hopkinson and Dickens in 200328 . Their study compared the cost of producing one small 
(3Smm long) and one medium (210mrn long) sized part using injection moulding to that of 
SL FDM and LS at various production volumes. They determined that when 
manufacturing th medium sized part, volumes of up to approximately 700 parts were 
economical using SL and FDM as opposed to injection moulding (due to the size of the 
part L was not used to manufacture this geometry). However, when considering the small 
part, it wa determined that for volumes under approximately 6000 for SL and FDM and 
under approximately 14000 for LS, these manufacturing methods were more economical 
than inj ction moulding. The part cost of the smaller geometry that was manufactured 
using all processes is illustrated in Figure 2.8. 
., 
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Figure 2.8 - Part co t of a mall geometry made with different processes and at increasing production 
volumes28 
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The costing study produced by Hopkinson and Dickens demonstrated a good 
approximation of part cost. However, Ruffo states that it is only valid if either copies of 
the same part are made or if relatively high production volumes are employed22• In 
comparison, Ruffo et al demonstrated that when manufacturing the small geometry, the 
individual part cost for volumes under 1500 parts was strongly influenced by the addition 
of new lines or new layers of the small part to a current build. However, once 1500 parts 
were made, the effect of a new line or a new layer upon the individual part cost diminishes; 
the main influence upon part cost was then whether a complete new build was required to 
manufacture higher build volumes. 
7 
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Figure 2.9 - Production curve for small part using Ruffo costing model22 
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2.2.5 Applications of Rapid Manufacturing parts 
The use of RP technologies to manufacture end use products has grown in recent years 13. 
Furthermore, in many applications the functionality or aesthetic features of products have 
been improved due to the use of RP technologies. Figure 2.10 overleaf illustrates a 
number of such additions. 
• Image A within Figure 2.10 illustrates dental crowns that were manufactured using 
the Digital Dental Printer (DDP) from Perfactory. This process is advantageous 
because the machine can produce up to 65 copings in two hours at a resolution of 
35J.1m and with no porosity3o. 
• Image B within Figure 2.10 illustrates a number of hearing aids also manufactured 
using a Perfactory machine. Manufacturing hearing aids in this way enables an 
improved fit to the user's ear, which in turn improves the comfort and functionality 
of the product13• 
• Image C within Figure 2.10 illustrates a laser sintered cooling duct manufactured 
using Nylon-12. The part was produced by the Renault Fl team to improve the 
cooling of a car's electrical system. Furthermore, the team took full advantage of 
RM technologies by making a small number of design changes to the duct, 
remanufacturing it and subsequently upgrading the car l3 . 
• Image D within Figure 2.10 illustrates an aesthetic and functional tray that can be 
used in the home environment. The geometry was laser sintered from Nylon-12 
and then coated with metal to produce the visual effect. Its geometry was inspired 
by part of a bird's bone and only reproduce-able using RP processes32. 
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Figure 2.10 - a). Dentistry - Dental crowns30 b). Medical- Hearing aids3l 
c). Formula 1 - Cooling duct l3 d). Home - tray, 'Trabecula,32 
2.2.6 Current limitations of Rapid Manufacturing 
Despit the emergence of RM, there are still a number of limitations in these processes 
which hinder their u e in manufacturing applications. In general, the limitations of the 
exi ting machine stern from issues such as slow processing speeds, limited process 
controI33,34 ,35 high machine costs, inadequate mechanical properties36 poor aesthetic 
fI atur and a limited range ofmaterials61 • 
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2.2.7 The development of Rapid Manufacturing technologies 
Many of the limitations of RP technologies stated in Section 2.2.6 have already been 
recognised by system manufacturers, and consequently several machines and processes 
have been redesigned to address some of the issues. One example is found with Selective 
Laser Sintering and a new 3D systems machine - Sinterstation® HiQTM + HS system3? 
Further examples of improved RP processes include the Fortus 900mn (FDMi8 and the 
EOSINT P730 (LS) machine39• The respective improvements include an increase in 
d d hi . 373839 I dd·· h hi b f process spee an mac ne capaCIty , , . n a ltion to t ese mac nes, a num er 0 new 
processes have been designed directly for RM; these are discussed in the following section. 
2.2.7.1 Creation of new RM processes 
In addition to these modified machines, entirely new processes have been designed to 
directly address the need for dedicated RM processes. Examples of these include Selective 
Mask Sintering (SMS), Selective Inhibition Sintering (SIS), Desktop Factory and High 
Speed Sintering (HSS). Of these four processes, SMS, Desktop Factory and HSS are the 
only processes which are undergoing commercialisation. Each of these four processes is 
now discussed below. 
Selective Mask Sintering 
One of the main limitations identified with RP processes is the time it takes to manufacture 
each layer. SMS is a process that has attempted to address this limitation by sintering each 
layer in a time irrespective of each layer's 2D area and complexity40. Additionally, SMS 
makes use of a bank of inexpensive Infra-Red (IR) lamps to sinter the polymer material; an 
aspect used to reduce the overall machine cost for SMS. 
Figure 2.11 illustrates the main steps in the process. Firstly, a negative toner image of a 
2D layer is deposited onto a glass plate, thus creating a mask (A). Simultaneously, a new 
layer of polymer powder is deposited onto the part bed and then the mask is positioned on 
top (B and C). During the second stage of the process, an IR source exposes the part bed 
to thermal energy; the masked areas are shielded from the IR energy, whereas the 
unmasked areas are exposed and sintered (D and E). The glass plate is then moved back to 
its original position and the image is removed (F). 
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Figure 2.11 - Selective Mask Sintering40 
Selective Inhibition Sintering 
elective inhibition sintering is an innovative layer manufacturing technology developed 
and patent d b Behrokh Khoshnevis at the University of Southern Cal iforni a4 1.42. The 
proce ork b firstly depositing a layer of polystyrene powder onto the part bed. A 
printhead then selectively deposits a sintering inhibitor - a saturated potassium/iodine 
solution onto the part bed, at the perimeter of the 2D layer file. A frame is then placed 
around th 2D profile masking unused areas of the bed and therefore reducing material 
waste. A thermal ource then radiates the bed, sintering the part geometry and excess 
powd r lea ing the printed regions unsintered. Parts are then extracted by the removal of 
th xcess sint red powder42. Figure 2.12 illustrates the process in more detail. 
1. D po ition of a thin powder layer 
2. Printing of intering inhibitor onto the powder bed 
3. Po itioning of minimizing radiation frame 
4. int ring f urr nt lay r via thermal radiation 
Figure 2.12 - Selective Inhibition Process41 
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As with SMS, SIS reduces its processing speed by sintering the entire layer at once using a 
bank of IR lamps. This ensures that the whole layer is sintered at once, in a time 
irrespective of the 2D cross-sectional area and complexity of each layer. Furthennore, the 
use of the IR lamps and inexpensive print heads seeks to reduce the overall machine cost43• 
Again, these factors influence part cost, causing a reduction with reducing machine cost44. 
Further to this, the process prints a thin line (8J.1m) of inhibitor fluid onto the part bed. 
This procedure ensures little spread of the inhibitor fluid and seeks to optimise the surface 
finish and geometrical features of the parts45,43. Finally, the masking system is used to 
prevent the excess powder within the bed being exposed to the lamps IR energy. This in 
turn increases the amount of excess powder which is re-useable; a feature which impacts 
on part cost. 
Desktop Factory 
Desktop Factory are another example of a potential RM technology. In this instance, the 
technology is aimed at the manufacture of one off parts or very low volumes of parts. The 
characteristics of the process are governed by the build volume which is 20" by 20" by 25" 
(X, Y, Z). Figure 2.13 overleaf illustrates the machine, with Figure 2.14 illustrating two 
examples of Desktop Factory parts. 
The process works through utilising drum printing technology and IR radiation to sinter 
polymer powders. The exact manufacturing method is not clear, although the patent 
outlines a possible method46. The patent reports that initially polymer powder is premixed 
with a 'light absorbing' powder. The powders are then transferred onto a rotating drum 
and the 2D layer is scanned onto the drum. This action results in partial sintering of the 2D 
layers, with the remaining powder being unsintered. The excess powder is then removed 
from the drum using a brush. The partially sintered layer is then transferred onto the part 
bed, and full sintering is achieved through further exposure to IR energy. Any remaining 
powder is then removed from the drum and the process repeated until the desired part is 
built. The patent further reports that the light absorbers used in the process are generally 
carbon black powders46• 
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Ad antages of th process include the use of an inexpensive halogen lamp and drum 
printing technolog. Thes factors subsequently enable to machine to be marketed at a 
price of$499547 . 
Figure 2.13 - Desktop Factory machine47 
Figure 2.1 4 - De ktop factory parts: a). encapsulated ball, b). Toy maze47 
High peed Sintering 
Th High P d intering (HSS) process is a new RM process that enables the 
manufactur of comple 3D geometries from polymer powders48. The layout of the 
i furth r illu trat d in Figure 2.15, with a number of examples of HSS parts in 
Figur 2. 16. 
In th work in a very similar way to SLS, however instead of using a 
la r to int r polymer powder particles an inkjet printhead, as highlighted in 
fir t u d t lectively deposit a Radiation Absorbing Material (RAM) 0 er 
a p Jym r p d r b d. The ntire part bed is then exposed to thermal energy from an IR 
lamp. It i th n fi und that th ar as that have been printed upon absorb the lamp's IR 
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en erg more radii than the un-printed areas, thus causing partial coalescence of the 
po der partici s undem ath the printed regions. The unprinted regions within each layer 
do not ab orb ufficient thermal energy from the IR lamp to initiate sintering, and therefore 
remain a powder . A 3D part is then manufactured by the repeated deposition of powder 
layers, which are lectively printed upon and radiated with thermal energl9. 
Roller system 
--------------~---------------
tRoller IR lamp Inkjet printhead' 
Printed 4-------
area 
Figure 2.15 - The High Speed Sintering process 
Figure 2.16 - High Speed Sintered parts 
Th pro e utili an ink jet printhead/s to deposit the RAM onto the part bed during 
manufa tur . In particular the process uses a Xaar 380 omnidot ink jet printhead which is 
manufa tur d b Xaar. The printhead encompasses 382 nozzles each with a diameter of 
48f.lm ith th ir ntr po itioned a distance of 141.lJ..lm from the next. This positioning 
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results in a print swathe of 54.3mm and a Dots Per Inch (DPI) of 180 across the print 
swathe. This information is further illustrated in Figure 2.17. 
o o o 
Figure 2.17 - Nozzle positions on Xaar 380/80 omnidot printhead 
Each droplet possesses a quoted drop volume of 80 pica litres and an approximate droplet 
diameter of 40J.lm. 
To manufacture parts using the HSS process, the part bed and feed beds are first preheated 
to 172°C and 60°C respectively. The manufacturing cycle then has three distinct sections 
as highlighted in Figure 2.18. 
Position 1 within Figure 2.18 illustrates the roller system situated at the left hand side of 
the part bed. When the roller system is in this position, the right hand side feed bed moves 
up by 0.25mm and the part bed down by O.lmm. The roller then traverses the part bed, 
depositing a new layer of powder onto the part bed. This setup results in layer thicknesses 
of 100J.lm, a value sufficient as average penetration depth was found to be 0.228mm in 
• kilO prevIOus wor . 
At position 2, a bitmap image of the next layer file is sent to the printhead. Once 
completed, the roller system begins to move back towards the parts, whilst simultaneously, 
the IR lamp is switched on at the desired power level. As the roller system traverses across 
the part bed, it prints the image found within the bitmap file and at the same time, the 
whole bed is irradiated with IR energy from the lamp (position 3). This sequence is 
repeated until all the layers have been manufactured. 
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Roller sy tern 
Position 1 
Overhead part 
bed heaters 
-
Position 3 
Position 2 
/ 
Figure 2.18 - Manufacturing sequence ofHSS via printing 
The H proc has many advantageous features which enable it to be considered as a 
potential RM proce . Most importantly, it is found that printing and sintering of the entire 
part b d oc ur within a time which is irrespective of the area or complexity found within 
How r curr nt dra backs of the process are such that if high lamp power levels and part 
b d temp ratur are used it is found that the excess powder around the parts absorbs too 
much th rmal n rg and consequently a hard part cake is produced. In this situation it 
rna b pr £ r ntial to u e a sintering inhibitor, similar to that used in the SIS process 
how r pat nt law curr ntly prevents the adoption of such methods in the HSS process. 
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2.3 Summary 
This chapter has introduced RP and RM, describing their roles and characteristics in the 
design and manufacturing of products. It has informed this introduction to RP and RM 
with reference to specific machines, and to the parts produced. 
The chapter began by describing the importance of prototyping as a tool when designing 
new products, and the ability of RP technologies to produce prototypes more rapidly, and 
at a lower cost, than traditional prototyping technologies. It then provided an overview of 
SLSILS. 
The chapter then moved on to defining RM, and outlined the potential advantages of 
manufacturing in layers when compared to more traditional manufacturing technologies, 
such as injection moulding or vacuum forming. Furthermore, since RM does not require 
tooling, it was shown to be more economical than injection moulding when manufacturing 
small to medium volumes of parts. 
A number of examples illustrating RM parts successfully produced using existing RP 
machines were then presented. However, since the requirements of manufacturing are 
greater than those of prototyping, it was shown that RP machines can often be unsuitable 
for RM applications. For example, issues such high machine cost were shown to inhibit 
the inception of RM. 
The chapter then summarised improvements that have been made to the design of RP 
machines to make them more suitable for RM, and finally introduced a number of 
machines that have been specifically designed for RM applications; in particular HSS. 
Important design considerations for these machines seem to have been a reduction in both 
the initial and running costs of the machine. Most notably, many potential RM processes 
have sought to establish a layer cycle time that is irrespective of the number and 
complexity of the 2D geometries found within each layer. 
Chapter three now concentrates upon polymers and polymer sintering. 
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Chapter 3 
Polymers and polymer sintering 
The previous chapter within this thesis has introduced the background to 
RP and RM and outlined a number of aspects of the HSS process. Whilst 
Chapter 4 presents literature relating to the absorption of energy by 
materials. this chapter focuses on polymers. and introduces relevant 
knowledge from polymer science. 
The first section in this chapter begins by defining polymers. It then 
discusses polymer structures and polymer crystallinity before illustrating 
how crystallinity develops during solidification. This leads onto 
discussing the variables which affect the formation. amount and size of 
crystalline regions within a polymeric material. Nylons are then 
introduced before moving onto polymer sintering. The final section 
defines sintering and discusses the effects of energy density and the 
Degree of Particle Melt upon the mechanical properties of SLS polymer 
parts. 
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3.1 Introduction to Polymers 
The ord polym r i defined in the Oxford English dictionary as 'a compound with a 
mol cular tructur in which a (usually large) number of similar polyatomic units are 
bond d tog ther 0. These units are more commonly called monomers, and the process of 
synthe i ing th m into long chains is called polymerisation. Furthermore, due to their 
extrem I long I ngth the are often referred to as macromolecules. Such chains are 
organi and th r for tend to ha e a carbon 'backbone' held together by strong covalent 
bond Figur .l illustrates poiymerisation, using the example of a monomer called 
bing polymerised into ' polyethylene'. 
H H 
\ / 
c=c 
/ \ 
H H 
ethylene 
1 polymerization 
H H H H H H H H H H H H 
I If I Ij l I I I f I I jl I R-O-C - C c- c ( - C-(-C C-( C- (-O - R 
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H H H H H H H H H H H H 
polyethylene 
Figure 3.1 - Polymerisation of polyethyieneS2 
Monomer 
Polymer 
Each f th rna ro molecules made during polymerisation has a different chain length due 
to th fi rmati n of the chains being a result of a succession of random events53 . The 
I ngth f th chain can be described in two ways, the first method is by the 'a erage 
mol cular ight f the macromolecules in the material and the second describes the 
' d f polym ri ation . In this thesis, average molecular weight will be used to refer to 
th I ngth fp Iym r hain. 
nc th p Iym ri ation proce s is complete, the macromolecules are turned into raw 
mat rial dr , p lIet he t). These raw materials are then formed into products 
u ing an appr priat manufacturing process. Characteristics and mechanical properties of 
th p lyn1 r pr du ts will dep nd upon a number of variables, including the structure of 
th p Iym r hain in th raw mat rial and manufacturing conditions such as heat, pressure 
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and cooling time. The next section will now discuss the effect of chain structures on the 
solid state properties of polymeric materials, with the latter sections detailing the effects of 
processing upon the mechanical properties of polymer parts. 
3.2 Effects of polymer structure on material properties 
Processing of a thermoplastic polymer is generally performed by the melting, forming and 
subsequent solidification of the solid material. When in its melt phase, the polymer is 
found to be a mix of polymer chains. Furthermore, the length of each polymer chain is 
found to vary due to reactions which occur during synthesis. Consequently, within the 
melt, some chains are found to be longer, and some shorter. 
Throughout cooling of a polymer melt, the macromolecules join together using secondary 
bonds (e.g. hydrogen and Van der Waals). Within this mechanism, macromolecules with 
higher molecular weights (resulting from longer chains) form more secondary bonds to 
other macromolecules when compared to those with lower molecular weights (shorter 
chains). This is a result of an increase in bonding sites along longer length chains. 
Once the polymer is in its solid state, fracturing of the material is performed by applying 
sufficient tensile force to overcome the secondary bonds found connecting polymer chains. 
Consequently, polymer materials with higher molecular weights, and therefore an 
increased number of secondary bonds between each macromolecule, possess increased 
strength over those with lower molecular weightsS I • Furthermore, it is also found that an 
increase in secondary bonding with high molecular weight polymers also increases the 
melting point of the polymer material. 
Further to the length of the polymer chain, the arrangement and characteristics of the 
monomers found within the chain also determine the solid state characteristics of the 
polymer. The following paragraphs discuss the forms of linear, branched and cross linked 
polymers, with Figure 3.2 illustrating their individual characteristics. 
Linear polymers are formed through the polymerisation of simple monomer units, resulting 
in long flexible chains. Once solidified, the bulk material is found to possess a high 
density due to the chains sitting closely togetherS4 • Branched polymers occur when chains 
connect to the main chain from the side. The addition of the side branches result from side 
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r action that 0 ur during synthesis56 . The presence of these side groups tends to result in 
decr as d pa king of the chains and consequently a reduction in material density. 
Furthermor , lin ar polymers can have small regions of branching throughout their 
stru tur. P I m r which form in this way are called thermo-plastics. This means that 
onc fo rmed th olid polymer can be remelted and the material reprocessed. 
ro linked po) m rs occur when linear chains are joined together by covalent bonding 
into a thr dim n ional structureSl . Fully cross linked polymers are known as thermosets, 
and onc cro linking ha taken place, cannot be effectively reprocessed. Crosslinking is 
s n to impart hardness strength stiffness, brittleness, and improved dimensional stability 
to th mat rial . I propertIes . 
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Figure 3.2 - chematic representations of (a) linear, (b) branched and (c) cross linked molecular 
tructures. Each circle designates individual monomer units56 
A)ong with th tructures described, a number of other situations can arise. Instead of just 
having n m nomer unit repeating itself along the chain, copolymers can also be formed 
in hi h mi f monomer units are polymerised. There are four different types of 
cop ) m r; th ar random copolymer, alternating copolymer, block copolymer and graft 
copolym r 6. r pr ntation of their structure is shown below in Figure 3.3 . 
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Figur 3.3 - chematic repre entation of (a) random, (b) alternating, (c) block, and (d) graft 
opol mer . The two different monomer types are designated by black and coloured circles56 
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The ist nc of the different chain structures within a polymer melt ultimately has an 
effi ct upon th packing of the polymer chains during solidification. The regions of chains 
with impl r p ating units and small side groups find it easy to pack into a more orderly 
arrang m nt her as the regions which possess branching and/or large side groups in a 
non r p ating fa mon fmd it difficult to pack into an ordered arrangement. Consequently, 
the chain r main unfolded within the material and produce regions of disorder with no 
tructur . the r gions are called 'amorphous,55. Conversely, the regions of polymer 
chain the capability to fold together to produce an ordered atomic array are 
called r tallin 3, 6 
Du to th diffi ulty in producing highly ordered crystalline regions, polymers mainly exist 
in eith r a full amorphous or semi-crystalline state in which the degree of crystallinity 
rang from 0 to around 90%55. Figure 3.4 illustrates the amorphous and crystalline 
region hich an b found within a polymer structure. 
morpho' 
r<:g ion 
(' .. )'~ta lJin c 
rc:gio l1 
Figure 3.4 - Amorphous and crystalline regions in a polymerS4 
The app aran of r stalline regions within a polymer imparts changes to the structure 
and th r :fI r th m chanical properties of the polymeric materials. Firstly, an increase in 
cr 
du 
an increase in strength and stiffness within the material53,56. This is 
in th numb r of secondary bonds found within the crystalline regions 
r tal hape together. Secondly as the amount of chain folding increases 
mat rial also increases56. Further characteristics found include an 
in hardn 
hating I, 6. 
r duction in transparency and an increased resistance to softening by 
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In addition to the aforementioned properties, the increase in crystallinity also results in a 
number of less desirable properties. Firstly, an increase in strength and stiffness also 
increases a material's brittleness53 , due to the reduction in the ductile amorphous regions 
within the material. Secondly, an increase in chain folding, which improves density, also 
increases the amount of shrinkage found in laser sintered parts51 ,57. This property is 
undesirable within SLSILS as it can produce parts which lie outside of dimensional 
'fi . 57 S8 SpeCl lcatlOn ' . 
The formation and amount of crystalline regions found within a polymeric material is 
known to be affected by a number of variables. Some of these variables include chain 
stiffness, chain length and number of imperfections within the chain, along with external 
processing conditions such as pressure and temperatureSS . Others include cooling rate, 
molecular alignment and the presence of nucleation sites. These final three factors are 
discussed in more detail below: 
o Cooling rate As the polymer melt cools down, the entangled chains in the viscous 
liquid must assume an orderly configuration to form crystalline regions. In order 
for this to happen, sufficient time must be available for the chains to rearrange and 
align themselvess6. Therefore, if plastics are cooled slowly, they form large 
crystals, however, if they are cooled quickly, or quenched, they form smaller 
crystals. Quick cooling results in low crystallinity with vast amorphous regions. 
Consequently, the degree of crystallinity of a polymer depends on the rate of 
cooling during solidifications1 • 
o Molecular alignment The regularity and/or symmetry of the monomers along a 
polymer chain dictate the chain's ability to fit closely together, and consequently 
pack into a crystallographic formationss. Therefore, linear polymers find it very 
easy to form crystals as they possess no restrictions that prevent chain alignment56• 
For example, polyethylene and polytetrafluoroethylene easily crystallise, even with 
rapid cooling ratesS6• Alternatively, random co-polymers or chains with bulkier 
side groups and/or large side bonded groups of atoms have less ability and 
tendency to create crystalline regionsss,s6. Therefore, their structure remains 
predominantly amorphous. Polyisoprene is an example of a complex polymer 
which finds it difficult to form crystalss6. 
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o The presence of nucleation sites Nucleation sites, from which crystalline regions 
grow, are formed via two mechanisms; homogeneous nucleation and heterogeneous 
nucleation. Homogeneous sites arise when the localised order of the polymer 
chains occurs at points within the melt 53,55. The rate at which nucleation occurs is 
increased through supercooling of the material, but is decreased by the increase in 
viscosity within the material53 . Conversely, heterogeneous nucleation occurs at 
structural inhomogeneities, also known as nucleating agents. These can be in the 
form of container surfaces, insoluble impurities, grain boundaries or additives55,56. 
Nucleating agents enable crystallisation to occur at higher temperatures, and also 
due to the availability of more nuclei, lots of smaller crystals are formed55. 
Furthermore, the development of a fine and controllable texture can be of benefit to 
mechanical properties 53. 
Thermoplastic polymers are also known for possessing other characteristic properties such 
as visco-elasticity. As such, this property results in thermoplastic polymers presenting 
time dependant strain wherein they behave like both a viscous and elastic material when 
loaded. In particular, when a constant load is applied, a polymer first stretches elastically 
at a high strain rate and then continues to deform viscously at a much slower strain rate, 
over a longer period of time (creep)59. Furthermore, as long as fracture of the material is 
not achieved, it is found that when the load is removed the elastic deformations are 
recovered however, viscous deformations are not recovered. Consequently, the 
thermoplastic polymer does not regain its originallength59. 
3.3 Introduction to Polyamides 
Polyamides (Nylons) form part of a group of materials called engineering polymers. Their 
mechanical properties and abrasion resistance assist in obtaining their place in this group. 
However, their hygroscopic nature, due to the presence of amide groups, can tend to 
reduce mechanical properties and increase part dimensions when in the presence of water. 
In practise, this hindering characteristic is overcome by drying and sealing (if appropriate) 
of nylon powder or pellets before manufacturing51 . Nylon parts are typically used to 
manufacture components which are exposed to low to medium stresses, and have replaced 
components that were once metal castings. Typical applications of Nylons include gears, 
bearings, bushes, rollers, electrical parts, wear resistance surfaces and surgical 
. t51 eqUlpmen . 
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In particular, Nylon-12 is of interest to this research and it is an aliphatic polyamide which 
is manufactured from the polymerisation of laurolactam6o• Figure 3.5 illustrates the 
laurolactarn monomer and Figure 3.6 the resulting Nylon-12 polymer. Polymerisation of 
the monomer laurolactam occurs through a condensation reaction which results in the 
emission of one molecule of H20 per monomer unit. Figure 3.5 further highlights the 
atoms liberated from the monomer which are thus converted into water molecules. 
The presence of an even number of carbon atoms within its backbone, coupled with its 
orderly structure61 , enables the polymer chains to fold together and have regions of 
crystallinity within its solid state structure. Nylon-12 is found to possess a range of 
crystallinity levels when processed by SLS. 
Figure 3.5 - Laurolactam monomer 
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Figure 3.6 - Nylon-ll polymer polymerised from laurolactam monomer60 
When used within Layer Manufacturing, Nylon-12 is processed from a powder form into 
solid 3D parts. Whilst, there are a number of commercially used Nylon-12 powders, the 
powder relevant to this work is Duraform P A, a powder sourced directly from 3D Systems. 
Further properties of Duraform P A parts can be seen in Table 3.1. 
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Mechanical/physical property Value 
Tensile strength (MPa) 45 
Tensile Modulus (MPa) 1600 
Tensile Elongation at Break (%) 9 
Part melting point eC) 184 
Particle size, average (Ilm) 58 
Particle size, range 90% (Ilm) 25-92 
Part moisture absorbtion, 23°C (%) 0.41 
Table 3.1- Properties of sintered Duraform PA 62.63 
The use of Nylon-l 2 powder in Layer Manufacturing processes such as SLS and HSS 
centres upon a number of its properties. Firstly, Nylon-12's melt and crystallisation peaks 
sit - 41°C apart; their positions are illustrated in Figure 3.7. The peaks' relative positions 
- known as the supercooling region, or also the 'process window', enable the melted 
regions within a part to remain fluid after exposure to a laser due to the high bed 
temperatures utilised in SLS (-1 72°C)60. This allows coalescence to occur between current 
and previous layers whilst the polymer is in a viscous state. This reduces delamination, 
warping and the build up of internal stresses within the part57,63. Once manufacturing is 
complete, the machine is cooled down and the sintered parts crystallise, 
Secondly, the sharp melt peak of Nylon-12, as illustrated in Figure 3.7, enables melting of 
the crystalline regions within each 2D layer to occur in the short time period that the 
laserlIR lamp scans across the part bed 13, Furthermore, the high enthalpy of fusion of the 
powder particles prevents the melting of particles near to the part, thus imparting 
d' . al 63 ImenslOn accuracy . 
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Figure 3.7 - Nylon 12 powder; melt and recrystallisation peaksl3 
Onc processing ha taken place and parts have cooled and solidified, any excess powder 
that ha not b n fu ed together can be reused (recycled). Typically, industry uses a blend 
of on third irgin material to two thirds overflow and part cake material 13 and this is 
u ually undertak n to r duce part costs and material wastage. Tills is also a cornmon 
strat g u d within H 
tal d termined limits to the re-use of powder within SLS64 • The research 
found a r du tion in tensile strength, coupled with an increase in EaB after the powder is 
tim 6 . Furthermore continued reuse of the polyamide powder has been shown 
to incr a the urface roughness of parts and produce a condition know as orange peel13 . 
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3.4 Polymer Sintering 
3.4.1 Theory of sintering 
Sintering is defined as "a thermal treatment for bonding particles into a coherent, 
predominantly solid structure. The bonding leads to improved strength and lower system 
energy,,66. 
Sintering can occur under a variety of different situations. The main differences between 
the processing techniques are the presence or absence of pressure to the powder (pressure-
assisted or pressureless). Figure 3.8 illustrates the main categories that fall under the 
heading of sintering. 
Sintering process 
Pressureless 
----------Solid state 
----
Mixed single 
Phase phase 
liquid phase 
----
transient persistent 
liquid liquid 
Pressure-assisted 
----------low stress 
----
creep viscous 
flow flow 
high stress 
---
plastic 
flow 
Figure 3.8 - Categorisation of pressureless and pressure-assisted sintering67 
The consideration of the type of sintering found within HSS begins with the observation 
that the machinery provides a pressureless environment. Within pressureless sintering 
there are two main mechanisms. The first is called Solid State Sintering (SSS) and the 
second, Liquid Phase Sintering (LPS). SSS occurs at temperatures between T melt/2 and 
T melt. However, SSS cannot occur in polymers because macromolecules inhibit the usual 
diffusion methods possible by metals and ceramics due to the high activation energy 
. d c. d'ffu' f . . 16869 F h tho b h 1 reqUIre lor 1 slon 0 organIC matena '. urt ermore, IS can e seen w en Ny on-
12 powder is processed within the SLS machine because no permanent powder 
consolidation occurs until the part bed is taken above the material's melt point. 
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3.4.2 Liquid Pha e intering within SLS and HSS 
Liquid ph int ring, as found within SLS7o, normally occurs through a partial, rather 
than a ompl te melting of particulate matter7!,73 . Such melting tends to occur in the 
outsid of particl s fir t and requires the introduction of sufficient energy to raise the 
t mp ratur of th r gion beyond their melt point7o. Figure 3.9 below demonstrates the 
stag hich ar in 01 ed in sintering particles through partial melting. 
The fir t tage of thi proces begins with the application of energy to the powder particles, 
from ourc uch a la ers in SLS. This energy begins to raise the temperature of the 
outer r gions of th particles and sintering will begin when this temperature exceeds the 
melt point f th material in use. Polymer chains in the melted region of the particles 
b gin to mo 
Furtherrnor 
at th 
e t mal 
mor freely as more energy is applied and viscosity decreases. 
particle are packed tightly together, and touch at many points, then it 
wh re the liquid phase of the particles begin to coalesce. When the 
our e 1 removed these regions remain viscous due to the high 
temp rature of th urrounding environment. Once building is complete, the powder bed is 
cool d and th molt n region form back into their solid state. 
Th rmal 
energy 
y lon-l 
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---. 
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Particles 
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particle 
core 
Figur 3. - Liquid pha e intering 1. Heat is applied to polymer particles 2. Energy applied melts the 
out r ore of the particle 3. Coalescence of liquid phase, with remaining porosity and unroelted 
particle cores. 
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3.5 The effect of an increase in energy density upon the mechanical properties 
of laser sintered parts 
The mechanical properties of laser sintered polymer parts are known to be affected by the 
degree of sintering found between the polymer particles. In turn, the degree of sintering 
can be affected by the amount of energy delivered to the powder bed, wherein an increase 
in energy leads to an increase in the degree of sintering. Furthermore, the amount of 
energy delivered to a powder bed not only relies upon laser power, but also a multitude of 
other factors such as laser speed. 
Consequently, a term called Energy Density (ED) is commonly used to describe the 
combination of energy input factors. Figure 3.10 illustrates a number of contributory 
factors and their interaction with each other which ultimately defines the energy at the 
powder bed. Definitions of each parameter can be found in the glossary of terms. In 
addition to these factors, it is important to note that powder bed temperature is also known 
to have marked effects upon the mechanical properties of laser sintered parts. 
Figure 3.10 -Influence of process parameters on the energy stored at the surface71 
Further to this work, Nelson determined an equation which defined the amount of energy 
supplied to the powder particles per unit area of the powder bed surface73. His work 
determined that the three most important factors were Laser fill Power (LP), laser fill 
Scanning Spacing (SS) and Laser beam Speed (LS). The interaction of these values is 
illustrated overleaf in Equation 3.1. This relationship is often referred to as the Andrew's 
number73 • 
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ED = LP (J/rrun2) 
SSxLS 
Equation 3.1 73 
U sing energy density as described in Equation 3.1, a number of studies were perfonned to 
detennine the effect of energy density upon the mechanical properties of laser sintered 
parts. One study investigating these interactions was perfonned by Caulfield e/ al. In this 
study, Caulfield detennined the effect of ED and part orientation upon the mechanical 
properties of laser sintered parts. The tensile parts orientated at 0° were manufactured 
with their longest axis built parallel to the x axis of the machine, and the parts orientated at 
90° were built with their longest axis parallel to the z axis of the machine. This is depicted 
in Figure 3.11. 
90" orittltlled 
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3 s 
Figure 3.11- The orientation of tensile parts where each black line indicates a layer interface73 
The results of a number of Caulfield's experiments are illustrated in Figure 3.12, Figure 
3.13, and Figure 3.14. In Figure 3.12, the relationship between Young's modulus (YM) 
and ED illustrates at first a rise in YM with increasing ED. This rise can be attributed to 
the increased ED causing increased coalescence between powder particles. However, at 
the highest two ED levels, the Young's modulus begins to tail off. Caulfield attributes this 
effect to excess heat from the laser damaging or burning powder particles. The burning of 
the powder particles will in turn reduce the material properties of the parts. 
The remaining two experimental graphs. Figure 3.13 and Figure 3.14 both illustrate similar 
trends of increasing mechanical properties with increasing ED. However, again, at higher 
ED's. the mechanical properties tail off. 
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Overall, the work illustrated that ED has a significant effect upon the mechanical 
properties of the Laser Sintered Duraform P A parts. Furthermore, Caulfield commented 
that the relationships between each mechanical property and ED were represented 
accordingly by the equation of the line of best fit. Therefore, he considered these 
equations adequate in estimating a part's mechanical property at different ED's. 
In addition to this study, a number of other studies have been performed in which the effect 
of energy density upon part properties has been investigated. The next example of this is a 
study by Gibson and Shi in which they too determined that an increase in laser power 
produced an increase in tensile strength when processing Nylon-12 powder61. Results of 
this work are illustrated in Figure 3.15. 
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Figure 3.1S - Variation of tensile strength with fill laser power61 
Another similar study, this time usmg polycarbonate, found comparable relationships 
between mechanical properties and ED 74. They determined through micro-structural 
analysis and mechanical testing that an increase in ED from increasing laser power results 
in enhanced fusion of polymer particles and therefore mechanical properties, which in turn 
produce a more compact structure74• 
Further to the direct effect of ED upon mechanical properties, other processing parameters 
such as bed position and hence bed temperature have been shown to adversely affect the 
repeatability of mechanical properties within a build. Due to the thermal nature of SLS, 
the bed temperature, governed by the overhead heater, has been shown to produce 
variation in part properties across the bed, whereby cooler parts of the bed produce parts 
with lower mechanical properties36• 
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Finally, Gibson and Shi also identified a change in tensile strength with building height 
level as illustrated in Figure 3.16 (where layer 1 is at the bottom of the build, and layer 5, 
the top)61. The results highlighted the variable tensile strength at different building levels 
and attributed the variance to the lowest and highest parts in the bed dissipating heat 
quicker than the parts manufactured in the middle. 
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Figure 3.16 - Variation of tensile strength with building height61 
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3.6 The effect of an increase in energy density upon the physical properties of 
laser sintered parts 
The previous section has outlined the effect of increased ED upon mechanical properties, 
however, other research has also determined the effect of an increase in ED upon the 
morphology of powder particles. Expanding upon this, it has been shown that there is a 
link between ED and Degree of Particle Melt (DPM). 
For instance, it has been established that if sufficient energy is applied to a bed of particles, 
over a sufficient period of time, then the complete melting (and subsequent crystallisation) 
of all polymer powder particles becomes possible60. However, for SLS, complete melting 
is not always desirable; control over the dimensions of parts produced in this way is 
difficult. Furthermore, the high temperature gradients found when full melting is sought 
can result in high internal stresses or part distortion75.76. Equally, however, if insufficient 
energy is supplied, then mechanical properties of the resultant parts will be compromised. 
As such, understanding the relationship between the amount of melting and the eventual 
properties of parts is important. This idea was previously highlighted in Section 3.4.2 
(LPS within SLS and HSS) and Figure 3.9. 
In SLS, this is a particularly new area of research, and consequently only a few studies 
have been published60.63.77.106. The most significant of these was performed by 
Zarringhalam, who devised a method which indicates the 'Degree of Particle Melt', and 
then used this to establish strong correlations with a number of mechanical properties. His 
method makes use of features found in Differential Scanning Calorimetry (DSC) traces, 
and their association with the microstructure of materials 60. 
Figure 3.17 illustrates the melt phase of two such DSC traces, one of which has been 
measured from virgin Nylon-12 powder, and the other which has been measured from an 
SLS part produced from Nylon-12 powder. Of particular interest are the melt peaks that 
can be observed in these traces; the SLS part trace has two peaks, whilst the powder trace 
has only one. Most importantly, Zarringhalam identified the peak at 189'C as relating to 
the unmelted core of the nylon particles 77. This peak has therefore been named the core 
peak. The peak found at 181'C was determined as relating to the melted and subsequently 
re-crystallised regions of the outer section of the polymer particles. This peak has 
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ther for b n nam d th processing peak. Furthermore, the height of the core peak has 
b n d t rmin d and u d as a quantification ofDPM. 
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Zarringhalam a1 in e tigated the effect of laser power upon the production of SLS parts 
and th ir ub qu nt effi ct upon DSC traces. This work is illustrated in Figure 3.18, 
n that core peak height decreases as laser power increases77 thus 
indicating that high r 1a r powers result in increased melting of powder particles, and 
n qu ntl r ult in maller particle cores, and therefore core peak height. 
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Core peak height has then been related to a number of mechanical properties. In this work 
it has been statistically established that smaller core peak heights indicate a larger degree 
of melting, and are associated with both greater elongation at break and ultimate tensile 
strength60,77. However, no correlation was found between E-modulus and core peak 
height. Figure 3.19, Figure 3.20 and Figure 3.21 illustrate these three relationships. 
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3.7 Summary 
The literature presented within this chapter has highlighted a number of items which will 
be important to consider within the experimental phases of this work. 
Firstly, the re-use of Nylon-12 powders within SLS was shown to affect the mechanical 
properties of laser sintered parts. Consequently, it will be important to ensure a large batch 
of experimental powder is collected for this work, and the part and feed beds replenished 
for each new experiment. Furthermore, utilising DSC, it will also be important to 
characterise and compare the average melt point of the experimental material used in each 
experiment. This will ensure each experiment will be performed using statistically similar 
powder. 
With regards to processing polymer powders, literature has also identified the importance 
of firstly, ensuring the bed temperature remains at a temperature above the polymer's 
crystallisation temperature during building. Secondly, once building is complete, the cool 
down procedures have an effect upon crystalline formation. It will therefore be important 
to ensure a consistent build procedure which also cools down in an identical fashion for all 
experimental builds. 
Literature has also identified the relationship between ED and mechanical properties, 
wherein an increase in ED gives rise to an increase in mechanical properties of SLS parts. 
This is further corroborated through work by Zarringhalam, wherein a rise in ED results in 
increased melting of the outer regions of the powder particles. This in turn leads to a 
decrease in the size of the un-melted particle cores; a factor which was identified upon 
DSC traces of SLS parts. 
Overall, this chapter has identified that an increase in the ED, and therefore amount of 
energy absorbed by the powder particles, leads to an increase in mechanical properties of 
parts. Furthermore, this is known to occur due to increased melting within the outer 
regions of the powder particles, resulting in increased coalescence of the polymer powders. 
Finally, Section 3.2 also discusses that the addition of nucleating agents to a polymer melt 
enable crystallisation to occur at higher temperatures. This is also shown to affect the 
growth of crystalline regions, wherein the availability of more nuclei results in the 
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fonnation of lots of smaller crystals. Consequently, this many be important for this work 
as RAM particles may act as nucleation sites within the polymer melt. 
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Chapter 4 
Heat Transfer and Energy Absorption 
This final literature review chapter illustrates the theory of how thermal 
energy is transferred to and absorbed by a body when irradiated by an 
infra-red (IR) source. The chapter begins by outlining properties of 
EMR before describing the emission of EMR from both black and real 
bodies. 
The next section then looks at the absorption of IR energy by materials. 
This is initially dealt with from a theoretical angle, but then proceeds to 
outline more practical examples of IR absorption. This focuses upon IR 
absorption of polymers, and consequently the effective heat transfer from 
an JR source to a polymer material. 
The final sections within this chapter then describe the effect of the 
addition of JR absorbers upon the IR absorption of polymer materials. A 
number of examples are provided within this section, and illustrate the 
increased heating of a material that can be achieved when intelligently 
altering its absorption properties. 
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4.1 Introduction 
The transfer of thenna! energy from one body to another can occur in one of three ways; 
conduction, convection or radiation. Within these three mechanisms, the transfer of 
thennal energy via conduction occurs through the direct contact of particles of matter, and 
occurs from regions of higher temperature to regions of lower temperature. The transfer of 
energy using convective mechanisms occurs through the transfer of thennal energy 
between a solid surface and a nearby liquid or gas in motion. Finally, thennal energy is 
also radiated between bodies via electromagnetic waves. 
In relation to this thesis, it is most pertinent to consider heat transfer via radiative 
mechanisms. This is of interest as, within the HSS process, the primary means of energy 
transfer occurs through the radiation of energy from the IR lamp to the RAM, and 
subsequently the polymer powder. The absorbed energy then initiates sintering between 
the polymer particles. 
The act of using radiative thennal techniques such as IR lamps to administer localised heat 
to a material is often a much preferred option compared to using conductive techniques 
such as heated tools. For example, the use of heated tools when welding plastics can result 
in residue and therefore contamination of the weld surface which in turn can lead to an 
unknown strength of the weld seam 78. The advantages of radiative heating are therefore 
that thennal energy can be applied to a product without requiring any direct contact 
between the heat source and material. 
When using radiative heat sources to administer localised heat, a more intelligent approach 
is required in comparison to using conductive heating. In this situation, the effective 
transmission of thennal energy from an IR source to a polymer material only occurs when 
the spectral emission of the lamp is matched to the spectral absorption properties of the 
material. If this situation is achieved, then efficient and effective heat transfer occurs, 
resulting in little thennal energy being absorbed into the surrounding environment. 
This mechanism is now described within this chapter. The first section of the chapter deals 
with the emission of IR energy from radiative heat sources, and the second deals with the 
absorption of IR energy by polymer materials, thus illustrating how effective thennal heat 
transfers occurs between the lamp and the polymer. Furthennore, the effect of the addition 
of IR absorbing materials to polymers is also addressed. 
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4.2 The emission of EMR from a body 
4.2.1 Introduction 
All bodies that have a temperature above absolute zero are known to emit Electro-
Magnetic Radiation (EMR). This phenomenon is caused by a series of successive events 
concerning the oscillations of the molecules, wherein the frequency of the oscillations 
dictate the frequency of the propagated electromagnetic wave. 
It is accepted theory that all EMR behaves as both a wave and a particle. Most notably, all 
carriers of energy and momentum, such as light and electrons, propagate like a wave and 
exchange energy like a classical particle. This means that EMR waves exhibit diffraction 
and interference like a classical wave as they propagate; however, they exchange energy 
suddenly at a point in space like a classical particle 79 
The propagation of EMR occurs in exactly the same way as any other wave, wherein, 
Co = speed of light (msol) 
f= frequency of wave (sol) 
A = wavelength (m) 
n = refractive index of medium 
Co = fAn Equation 4.179 
The sudden exchange of energy between an Electro Magnetic (EM) wave and matter is due 
to the photonic nature of electromagnetic radiation. Energy is transported within the wave 
as a collection of discrete packets called photons or quanta. The relationship between the 
energy of each photon and the frequency of the wave is illustrated in Equation 4.2. 
E=hf 
E = energy of each photon (J) 
h = 6.625.10034 (Js) - Planck's constant 
f = frequency (sol) 
Equation 4.279 
Overall, it can be seen that as the frequency of the radiation increases, and therefore the 
wavelength of the radiation decreases, the amount of energy carried within the wave 
increases. 
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4.2.2 The emission of EMR from a perfect body 
All bodies above absolute zero emit radiation in the manner described previously. As the 
temperature of a body rises, the intensity and range of wavelengths emitted increase and 
broaden79• The total amount of radiation energy emitted from such a body is called the 
total emissive power and has been investigated by a number of physicists. The following 
sections describe the mathematics involved in determining a body's radiative energy. 
To establish the theoretical total emissive power emitted from a body, physicists began by 
defining a perfect emitter of radiation. This body was named a blackbody. A blackbody is 
defined as a perfect emitter - one that allows all the incident radiation to pass into it (no 
reflected energy) and internally absorbs all the incident radiation (no energy transmitted 
through the body) 79. This is true of radiation for all wavelengths and for all angles of 
incidence. Hence a blackbody is a perfect absorber and emitter of all incident radiation 79. 
The total blackbody emissive power of a perfect body was determined experimentally in 
1879 by Joseph Stefan and theoretically in 1884 by Ludwig Boltzmann. They determined 
that the total black body emissive power Eb, is related to the Stefan Boltzmann constant, cr 
and the absolute temperature of a surface, T. This relationship is described mathematically 
in Equation 4.3. 
Eb= Total blackbody emissive power / W.m-2 
cr = 5.67.10-8 W.m·2.K-4 
T = Temperature / K 
Equation 4.379 
Equation 4.3 is nominally used to calculate the total emissive power of a black body across 
all wavelengths at a temperature T. However, the power emitted from a blackbody can 
also be considered across its spectral range. This is called the spectral blackbody emissive 
power (EbA) 79. It is the amount of radiation energy emitted by a blackbody at an absolute 
temperature T, per unit time, per unit surface area, and per unit wavelength, about the 
wavelength ')...79. This relationship is known as Planck's distribution law and is described 
mathematically in Equation 4.4. This relationship is valid for a surface in a vacuum or a 
gas. For other media. C, must be replaced by C,/n, where n is the refractive index of the 
medium. 
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Where I = 27d1c~ 
2 = hco / k 
EbA(T) = p ctral blackbody emissive power (W.m-2 nm- l ) 
h = Planck constant = 6.625.10-34 (J.s) 
Co = sp d of light m. -I) 
k = Boltzrnan on tant = 1.381.1O-23(J.K-1) 
A. = wa el ngth m 
T = Temp ratur K) 
Equation 4.479 
Equation 4.4 an al b modelled graphically; this is shown in Figure 4.1 . The area under 
the curv Eb(T)/ W.m-2) r pre ents the total radiation energy emitted by a blackbody at that 
temp ratur and can b d t rmined using Equation 4.3. 
Figure 4.1 - pectral blackbody emissive power80 
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Figur 4. 1 an al 0 be drawn for bodies at different surface temperatures. This is 
d mon trat d in igur 4.2. 
4.2 illu trat a numb r of key changes to the spectral blackbody emissive power of 
it t mp ratur increases. Firstly, at all wavelengths, the amount of radiation 
mitt d a th t mperature of the body increases79. Furthermore, at any 
t mp ratur th radiation i mitted as a continuous function of wavelength. This means 
th t ti r an t mp ratur the spectral blackbody emissive power increases with 
a p ak and then decreases with increasing wavelength. The position 
of th p ak i di tat db the temperature of the objecr19. 
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Figur 4.2 - Variation of the pectral blackbody emissive power with temperature80 
in J1 , a th t m ratur of the object increases, the curves become steeper and more 
mitt in th hort r wavelengths79. This is seen as the curve shifts more to the 
I ft ith in ring t mp ratur . This characteristic accounts for the emission of visible 
r di ti n fr m di hich glow r d when heated to temperatures in excess of 600K. 
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4.2.3 The emi ion of EMR by a real body 
In r al it , th ffiJ ion of EMR from a body differs from that of a blackbody. When the 
urfa t mp ratur of two bodies are identical, any real surface will radiate less energy 
than a bla kb d du to the wavelengths emitted from a body being a factor of their 
mat rial hara t ri ti . 
p ctral emissions of black and real bodies can differ by a constant 
amount, r an am unt which changes at each wavelength. The constant factor that defmes 
h urfa radiate energy when compared to a blackbody is called emissivity (E), 
or h n nsid r d at ach wavelength, the spectral emissivity (EA.), of a body79. 
igur th differences found between the spectral emissions of black bodies 
an r al urfaces which are at the same temperature. Furthermore this is 
math maticall in Equation 4.6 wherein £real is the total emissive power of a real 
, EA., th p ctral emissivity of its surface, cr, the Stefan-Boltzmann constant and T 
th urfa t m ratur of th real body. 
Equation 4.679 
Figur 4.3 - pectral blackbody emissive power of Black, Grey and Real bodies8o 
h maj rit f MR mitt d from hot bodies tends to occur within the wavelength ranges 
nm t Imm. h a I ngth which extend from 380nm - 760nm are called visible 
light thi i th rang that th human eye detects, and the wavelengths that extend from 
58 
760nm t Im.m ar called IR radiation. Within these wavelength ranges, the interaction of 
IR radiation i len wn to initiate heating within materials and is therefore often referred to 
as thermal radiation. Th next section now introduces IR radiation. 
4.2.4 IR radiation 
IR radiati n a fir t disco ered by Sir William Herschel in 1800. His experiments found 
that a h m d a nsitive mercury thermometer along a prismatic spectrum of visible 
light, th r ading did not reach a maximum until the thermometer had been moved beyond 
th r d r gi n f th i ible lightS1. This finding also led to the naming of this region of 
th Infrared thus relating to radiation that is found at the far end of the 
i ibl r d r gion. 
T da , IR radiation i d fined a lying between the visible and microwave regions of the 
I It \i a length range begins at approximately 7000m and extends to 
appr ' im til mm. It broad range results in it being split into three definable sections. 
Th rt Wa IR ( WIR) which is mostly referred to as Near IR (NIR) (700 om to 
- 1 00 run Mid IR - 1500nm to - 5000om) and finally, Far IR (-5000 om to - lmrn). 
Th r gi n ar illu trated in Figure 4.4. 
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Figure 4.4 - The Infrared Spectrum82 
ful a rpt i n f IR radiation by materials is determined by the wavelength and 
f th incident IR radiation. More explicitly, the frequency of the 
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incident IR radiation must coincide with the resonant frequencies of the material's 
molecules. Subsequent absorption leads to increased vibration of the molecules within the 
material and therefore, gives to a rise in temperature of the material. With increasing 
temperature of a body, the wavelength ranges that the material both emits and absorbs, 
extend further into the visible region and the IR region of the EMR spectrum. 
As documented previously, many industrial applications utilise the thermal heating 
properties of IR radiation to process polymers, either in their solid or powder form. When 
IR radiation is applied in this way, a selection of IR lasers or IR lamps can be employed. 
However, different lamps and lasers emit across or at different wavelengths. 
For both IR lasers and IR lamps, their spectral emission depends upon the materials that 
are used to emit radiation. For example, with IR lamps, energy is emitted by sending a 
current through a filament. The filament heats up and as a result, emits IR radiation which 
is caused by the increased oscillations of the molecules within the filament material. 
Furthermore, in the case of IR lamps, their total emissive power is in line with that of a real 
body and consequently, lower than that of a blackbody with the same surface temperature. 
The most common IR lasers used within polymer based processes are Nd:YAG and C02 
lasers which emit at wavelengths of 1.06~m and 10.60~m respectively. These emissions 
occur at these specific wavelengths due to the characteristically narrow emissivity ranges 
of lasers. In addition to this IR lamps nominally exhibit peak emissions within the near or 
mid regions of the IR spectrum. In the first instance, the emissive power of a NIR lamp 
peaks at around 1 ~m with its emission ranging from visible (380nm) to 2~m, conversely, 
Mid-IR lamps tend to peak around 2~m and their emissions ranges extend from 1 ~m to 
5~m. 
In practice, the peak wavelength of the emitted radiation is governed by the operating 
temperature of the emitter filament, with L WIR lamps having a filament temperature of 
between SOO·C and 7S0·C, MWIR lamps having a filament temperature of between 8S0°C 
and 1200·C and NIR lamps having a filament temperature of between 2000°C and 
2S00·C87• This is further illustrated in Figure 4.5. 
60 
3500 
Short wave 
3000 
u 
. 
. 5 2500 
! 
i 2000 ... 
II 
I:L 
E 1500 II 
.-
1000 
500 
2,36 1,96 1,72 1,54 1,39 1,08 0 ,88 
Wavelength in 11m 
Figure 4.5 - Wavelength filament temperature83 
61 
4.3 The absorption of IR by a body 
4.3.1 Introduction to material absorption 
When IR radiation is incident upon a body some may pass through it, some may be 
refl cted and the remainder will be absorbed; this is illustrated in Figure 4.6. The energy 
that i ab orb d by the body will be transformed into internal energy which will tend to 
raise it temp rature. 
Incident 
radiation 
G. W/m2 
Tran mitted 
'tG 
Figure 4.6 - Resultant fate of incident radiation8o 
Figur 4.6 an a1 0 b considered mathematically. If G denotes irradiation, then Equation 
4.6 d not th amount of radiant energy absorbed (Gabs= aG), reflected (Gref-= pG) and 
tran mitt d tr =rG) by and through the material. 
aG+pG+Ri=G Equation 4.679 
iding b gi 
a+p+r=l Equation 4.779 
a+r=l-p Equation 4.879 
Wh r a rpti it (fraction absorbed), p is the reflectivity (fraction reflected), r 
and th tran mi i ity (fraction transmitted). Furthermore, the value of each lies 
n an 1. 
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Th omm n xp rimental method is to measure the amount of radiation reflected from a 
ampl r a range of wavelengths using spectroscopic techniques. This data is then 
ompar d to th incident radiation and the percentage absorbed is calculated 84. 
h a rag at hich radiation is absorbed by a material can also be described as 
a mat rial mis i ity (c/9. More specifically, emissivity is defmed as the ratio of 
radiation mitt d or ab orbed by a surface to the radiation emitted by a blackbody at the 
arne t mp ratur and aries between 0 and 1. For a blackbody £ = 1 and therefore the 
m a ur m nt of a mat rial s emissivity enables an understanding of how closely a surface 
nt a bla kb dy79. 
Th m a ur m nt of a material's emissivity can also be considered at each wavelength, 
hen u d in thi wa emissivity is called spectral emissivity (8),)79. The absorption of a 
mat rial can th n b considered across a range of wavelengths and its variation determined. 
Thi i furth r iIlu trated in Figure 4.7, wherein the difference in emissivity between a 
blackbod a gr urface and a real surface are compared. 
Blackbody, € = 1 lr-----------~-----------
E 
Real surface, E1.. 
T= const. 
o~--------______________ -. 
o 
Figur 4.7 - pectral emissivity ofa blackbody, a Grey body and a real surface80 
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4.3.2 Effective heating of polymer materials using IR radiation 
Th application of thermal energy to polymers via radiative mechanisms is an establishe~ 
pro dur ithin many industrial applications 78. In these situations, IR radiation is 
tran mitt d to materials using either IR lamps or lasers78. For example, IR lamps are often 
used to ur paint onto products or administer plastic welding between polymer 
product 89 . th e examples are illustrated in Figure 4.8 and Figure 4.9. Alternatively, IR 
laser ar u ed in the cutting, drilling or sintering of polymers. 
Figure 4.8 - Drying paint onto plastic car bumpers using a series of IR lamps8s 
Figur ... - a). The heating of plastic tubes using a rack of IR lamps prior to welding, b). Welding 
plastic tubes together85 
Wh n radiant n rg i used in industrial applications, the effective and efficient heating of 
a mat rial i imp rtant within its usage. In essence, when using a radiative heat source, it 
ital that th IR mitt r is carefully matched to a number of properties of the work 
pI h in Iud the pectral absorption of the material and the geometry of the work 
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pI . If th r quirements are met, and most importantly, if the spectral emission of the 
radiati 
n rg 
our cIo el matches the spectral absorption of the material, then the irradiated 
quickl ab orbed and converted into heat within the material87. The effective 
hating of mat rials is therefore important within any manufacturing process, as the speed 
and th f£ cti ne s at which any heating or curing operations can be performed 
r duce processing time and saves money86. 
Th pr of matching a radiant source's spectral emission to that of a material's spectral 
ab orption i illu trated in Figure 4.10. In this example, it can be seen that the emission of 
th hort a e IR lamp is not well matched to the spectral absorption properties of either 
pol th I n or Polyvinyl chloride (PVC). This combination will produce ineffective 
heating of th polymer material. However, the medium wave IR lamp provides a much-
lmpr d matching of its spectral emissions to the spectral absorptions of both polymers. 
Thi impr d matching will result in efficient heating of the polymers and subsequently a 
gr at r in r in th polymers temperature in a reduced period of time compared to the 
ffect from a WIR lamp. 
100% 
80% 
o 
Figur 4.10 - pectral emi ion ofa SW and MW IR lamp illustrated alongside the spectral absorption 
of polyethylene and PVC8S 
u t th imilarlti found within their molecular structure, polymer materials generally 
bibit p tral ab rption in similar regions of the IR spectrum. This generally occurs 
ithin th r gi 11 2-15~m with the actual absorption bands being a factor of the overall 
m I ular tru tur fa polymer78 . It is therefore of consequence to state that polymers 
ar hated using MW or L W IR lamps as opposed to NIRJSWIR lamps. 
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In addition to heating solid polymers with radiant energy, many other processes utilise this 
technique to heat polymer powders. However, when using polymer powders, an increase 
in the material's spectral absorption is observed when compared to its solid form. In fact, 
research has found that a material's absorption properties are not only related to their 
material properties, but also their surface morphology89. Consequently, higher absorptions 
can be achieved with powders. More explicitly the increased energy absorption is caused 
by the presence of pores within a powder bed84• This surface feature results in the incident 
radiation reflecting off individual particles thus creating multiple reflections in many 
directions; these secondary reflections then may result in further absorptions therefore 
leading to an increase in absorption ofIR energy by the polymer powder. 
Furthermore, research has also identified that an increase in the surface temperature of a 
polymer powder occurs as the size of powder particles decrease; an effect thought to occur 
due to an increase in surface area per unit volume as the particle size decreases. This leads 
to a larger area of each powder particle having a greater contact with the incident 
radiation99 • 
The heating of such polymer powder beds is also found to be a balance between heating of 
the surface and the subsequent flow of energy throughout the body. Issues such as low 
thermal conductivity of the material bed resulting from the inherent porous nature of the 
polymer powders, produces long heating regimes within both Selective Laser Sintering and 
High Speed Sintering. When considering the flow of thermal energy throughout a powder 
bed, the dimensionless Biot number can be used to determine the relationship between the 
thermal resistivity's of the inside of the body compared to the surface, thereby indicating 
how well thermal energy will flow through the body in question88. Furthermore, as a 
powder bed absorbs more energy from radiative sources, it also radiates more energy as a 
result of its increased temperature. Such balance of radiative heating can be further 
understood using Plank's law88. 
The effect of different IR lamps upon the heating of polymer powders has been further 
investigated by a research group at De Montfort University89. In this research, the effect of 
the emission of both SWIR and MWIR lamps upon the sinterability of polymer powders 
(Nylon-12 and High Density Polyethylene (HOPE)) was investigated. More explicitly, the 
work identified the effect of exposure time upon the formation of a single layer of sintered 
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pol m r, and if applicable the penetration depth of the polymer sample. The results from 
thi ork ar illu trated in Table 4.1 and Table 4.2 and Figure 4.11 . 
Tabl 4.1 illu trate that, when exposing both polymer powders to radiant energy from a 
MWIR lamp a intered layer was achieved after just jive seconds. This exposure time is 
highlight d in blu within Table 4.1. Furthermore, subsequent tests demonstrated that as 
as increased thicker layers were achieved to a limit. 
Con r I . Tabl 4.2 illustrates that when both powders were exposed to the SWIR lamp, 
a full er was not achieved until the powders had been exposed to the radiant 
en rg for jif! en econds. Again, this is highlighted in blue within Table 4.2 and thicker 
d with longer exposures. These results are further illustrated in Figure 
4.11 h r in it m A and B illustrate the difference between the formation of Nylon-12 
po ed to the SWIR lamp for 10 and 25 seconds respectively. The same is 
and D wherein the HDPE powders were also exposed to the SWIR for 
10 and 25 ond r spectively. 
Pol mer 
MWIR lamp - Exposure time 
5 10 15 20 25 
Partial la er Fu ll Layer Fu ll Layer Full Layer Full Layer 
ylon Well sintered Well sintered Slightly oxidised Oxidised 
12 O.63mm O.85mm D. 7mm thick thick thick O.88mm thick 1.16mm thick 
Imo t full layer Fu ll Layer Full Layer Full Layer Full Layer 
HDPE Well sintered Well sintered Slight 
melting 
I.Dmm thick l .4mm thick 1.7mm thick 1.8mm thick 1.9mm thick 
Table 4.1 - MWIR90 
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Polymer 
SWIR lamp - Exposure time 
5 10 15 20 25 
o la er fonned Very patchy Full Layer Full Layer Full Layer 
ylon Fragile Quite fragile Well sintered Well sintered 12 
O.25mm thick O.38mm thick 0.45mm thick O.73mm thick 
o la er fonned Very patchy Full Layer Full Layer Full Layer 
HDPE Fragile Well sintered Well sintered Slight melting 
O.75mm thick 1.38mm thick 1.43mm thick 1.67mm thick 
Table 4.2 - SWIR90 
Figure 4.11 - a). ylon-12, WIR, 10 seconds, b). Nylon-12, SWIR, 25 seconds, c). HDPE, SWIR, 10 
econds, and d). HDPE, SWIR, 25 seconds9o• 
Th r ult in Table 4.1 and Table 4.2 demonstrate practically the example illustrated in 
Figur 4.10' h r in it was shown that polymers tend to absorb less radiant energy from 
WIR lamp , ompar d to a MWIR lamp. The practical connotations of this are such that 
h n u ing a WIR lamp powder samples need to be irradiated for a longer period of time 
t initiat int ring. Comparatively, the spectral emissions of a MWIR lamp offer an 
impr d match f mi ion and absorption properties, and therefore, initiate sintering in a 
qui k r tim. MWIR lamps therefore effectively heat polymer powders more effectively. 
illu trat 
diffi r ntial between wavelengths is further illustrated in Figure 4.12 
rptanc of polycarbonate is plotted against wave\ength91. In addition to 
mitt d from two relevant lasers are also highlighted. The image 
p ctral mission of the Nd:YAG (1.06Ilm) laser does not fit well with 
th ab rpti n r p rti of polycarbonate, and since the heating of materials is dependent 
up n th ir ability t ab orb n rgy then this laser would not be effective in initiating 
r thi p I m r. However the CO2 (A = 10.6Ilm) laser illustrates a much 
m t h with th ab orption properties of polycarbonate; wherein the polymer 
uld a rb aim t 100% f th nergy from the CO2 laser. 
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Excimer-LBHf (KrF) Nd;YAG-LB88t' CO2-Laser (A.L ;; 0.25 J.1m) (A.l = 1.06 J.1m) (~ ;; 10.60 J.1m) 
--- --- ~ 100~~---r-------~------~ ______ 
%~--~~~~~--+-----~----------~ 
< 
t~~--~~~--+-------~ 
140 f-----t-+-T--t---I-----+-l 
., 
20~----~--~~~--+-------------~ 
O~ __ ~~~~~~~~~~~ ____ ~U 
0.1 0.2 0.3 0.5 1 2 3 J.1m 10 
wave length Al 
Figure 4.12- Absorption of plain solid materials versus wavelength91 
These findings are further corroborated in Table 4.3 wherein C02 (lO.60llm) and Nd:YAG 
(l.06Ilm) lasers have been used to investigate the absorptance properties of various 
polymer powder materials. In this example, all polymer powders tested are shown to 
absorb a greater percentage of the laser's energy when irradiated with the longer 
wavelength laser as opposed to shorter84 • This example further highlights the limited 
absorption properties of polymers at shorter wavelengths, which is a result of their specific 
material absorption properties. 
Powdered material 
Percentage absorption (%) 
Nd:YAG (1.06 .... m) CO2 (lO .... m) 
Polytetrafluoroethylene 5% 73% 
Polymethylacrylate 6% 75% 
Epoxypolyether-based polymer 9% 94% 
Table 4.3 - Absorptance (A) of single component powders measured with two lasers, 
Nd-YAG (A=I.06p.m) and COl (A=10.6p.m)92 
Overall. this section has demonstrated the preference of polymers to absorb energy in 
wavelength regions above 2J.1m. However, it is also important to highlight that when the 
spectral absorption properties of polymers, is not well matched with the spectral emission 
of a radiative source, subsequent heating of the polymer can still be attained, but at 
potentially extended exposure times. 
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In contrast to the methods illustrated in this section, other work has shown that the 
absorption of a polymer powder bed can also be modelled both theoretically and using 
computer based modelling. Such approaches are generally concerned with modelling the 
effect of thermal energy upon neck growth between adjacent particles in a powder bed93 • 
However, challenges within this field of research stem from modelling the porous nature of 
the polymer bed wherein differences between the thermal conductivity of the inclusions 
and polymer matrix create difficulties93 • Furthermore, consideration of the particle 
geometry e.g. spherical, cylindrical and spheroidal and the subsequent inclusions also 
needs to be considered in such modelling of powder beds93 • A number of models have 
been constructed to asses heating of regions or entire polymer powder beds94,95,96. For 
example, thermal models have been constructed to predict the density of crystalline parts36, 
and also to determine sintering depths of single layers97. 
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4.3.3 The effect of IR absorbers upon the spectral emissivity of polymers 
4.3.3.1 Introduction 
In some situations, the efficient transfer of thermal energy from an IR source to a material 
is limited. This can often occur if the spectral emissions and absorptions of the two objects 
do not match. However, a material's spectral absorption within a specified region can be 
improved through the addition of suitable IR absorbing materials. The act of changing a 
material's absorption properties can be performed very simply, and in some cases, the 
absorption characteristics of a surface can be completely changed by applying a thin layer 
of coating 98. In addition to this, similar changes to a material's properties can be attained 
by mixing IR absorbing materials into a base material at various quantities 74. 
This subject has been of interest to researchers, and consequently a number of studies have 
been performed. Most notably, the addition of IR absorbing materials to polymers in SLS 
has been investigated, with the intent of increasing the powder's absorption so that the 
overall laser power can be reduced99• A decrease in laser power would be advantageous to 
this process as it may reduce the potential problem of unwanted increase in the depth (z-
growth) of layers; an issue found with higher laser powers99, 
A second application within the SLS process is that of modifying existing materials that 
are difficult to process using SLS machines. One example of this is polyetheretherketone 
(PEEK), which in its standard powder form, has a melting temperature of 343'C. Due to 
its high melt point, PEEK powders are difficult to process within SLS. However, through 
the addition of carbon black powders to this polymer powder, it has been made possible to 
~ . I I 100 manUlacture smg e ayers . 
The above examples illustrate the application of IR absorbing pigments which are used to 
improve the process-ability of certain polymer powders. Alternatively, IR additives can be 
used to create selective 2D areas of increased emissivity within a polymer powder bed. 
When used in this way, layers of polymer powders can be selectively sintered using a 
SWIR lamp. and therefore leave un-pigmented areas as powders. One obvious example of 
this includes HSS, however this principle has also been applied in transmission polymer 
welding under the name Clearweld®lol. These research studies are now documented 
further in the rest of this section. 
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4. . .2. Pra tical e 'ample of IR absorbers 
h fir t am I within thi ction concerns research that was previously highlighted in 
abl .1, a I 4.2 and Figure 4.11. In this example, the exposure of Nylon 12 to NIR 
and d tailed. However, this time, the difference between the exposure 
tim an f th polymer powders was further contributed to by samples of 
n-l \ d r bing mix d with carbon black powders. 
th 
Furth 
mat rial a in the ratio 98:2 by weight, Nylon-12 to carbon black. In 
abl 4.4 illu trates that both the unaltered and composite samples of 
in a imilar time when exposed to the energy from the MWIR lamp; this 
n v . thin the table. However, Table 4.5 overleaf demonstrates that 
re exposed to radiation from a NIR lamp, the un-altered 
int r a stable layer, whereas the composite powder sample took 
nn a tabl la r' again this is illustrated in green. These examples are 
4.13. 
h di tin ti n In int ring tim found within this research is a product of Nylon 12 
m th WIR lamp, however, when an IR absorbing powder is 
\\ ith n n ab rbing powder its spectral absorbency and therefore emissivity 
r. 
p Iyrn r I ur 
lldditi" 
'I II 
I 
-
Irb n 
bltl ~ 
I dded 
1 .. 1.4 - h 
an erall increase in energy absorbed. This increase in energy 
al c nce of the polymer powder and the formation of a sintered 
Exposure time - Medium wave IR lamp 
5 10 15 20 25 
Partialla r Full layer Full Layer FuJI Layer FuJI Layer 
Well sintered Well sintered Slightly Oxidised 
oxidised 
O.7mm O.63mm O.85mm O.88rnm thick 1.16mm thick thick thick thick 
Pat h and Full layer Full Layer fragil Full Layer Full Layer 
la ' r Slightly Significant Well sintered 
melted melting 
O. mm O.76mm O.95mm 
thick thick thick 1.26mm thick 1.21 mm thick 
f MWIR lamp expo ure time and IR absorbers upon the sinterability of 
pol mer powder 90 
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Expo ure time - Short wave IR lamp 
P 1)01 r 1 ur 
20 25 5 10 15 
ery patchy Full Layer Full Layer Full Layer 
ddi t h 
Fragil Quite fragile Well sintered Well sintered 
O.25mm O.38mm O.45mm O.73mm thick ) 1 n thick thick thick 
1 .. Full I . r Full layer Full Layer Full Layer Full Layer 
\\ 
.t . t 
' urth r r ar h. in\' 
r t 
i\'it valu 
- 1 
lh 
th 
\\ ' th n { k 'n 1 Ih 
\CI ht \\ 
th a iti fl ra hit 
1\ tn t r d 11 inter d Slightly Some Significant 
melting melting melting 
O.7mm thick 1.05mm 1.15mm 1.4mm thick thick thick 
po ure time and IR absorbers upon the sinterability of polymer 
powder 90 
5 seconds 25 seconds 
cond b). Nylon-l2, SWIR, 25 seconds, c). Nylon-12, SWIR, 5 
nd and d). N 10n-12, WIR, 25 seconds9o 
ti ng imilar topic determined the effect of the addition of 
w r and the subsequent effect upon the composite 
Figur 4.149 . The emissivities of the various ratios of 
lR t mp ratur sensor. The powders were heated up to 
t th urfac of the powder was determined using 
li lt hi 
wd ... 
f th IR ensor was then adjusted until it exhibited 
rm oupl s. The emissivity value of the IR sensor 
h n a mall amount of graphite powder (0.5% by 
r the material ' s emissivity increased by 3%. 
found with an increase in the amount of 
in alt ring a material ' s emissivity with 
ab orption by the combined powders 
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h u1 lh n 1 l 
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4.14 - mi i itie of PC/graphite composites99 
leading to an increase in energy absorption and 
In int ring a further investigated in this journal paper. 
lh ff, t f th addition of various amounts of graphite 
n th maximwn surface temperature attained 
at different applied energy densities. In this 
p r£ nn d u ing a laser engraving and cutting system 
Inc and the temperature measurements taken 
n r uilt int th machine. 
he.: r ull f lin th t. th m xlmum urfac temperature of the powder composites 
nt nt f raphit p wder for any given values of ED. For ED 
v , t11' dif[! r n in th maximwn temperature between pure PC and 
p m in I mparing the e results with Figure 4.14, it can 
inC'm; that 
r' ult In \l1 th 
t m 'r tur·. \\ ill th n I ad t 
mi ivity value of the powdered material, 
t mp rature of the material. This increase in 
in intering and mechanical properties; a 
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relationship which has been previously highlighted in Section 3.5 (The effect of an 
increase in energy density upon the mechanical properties of laser sintered parts). 
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Figure 4.15 - Variations of maximum temperature of PC/graphite composites with applied energy 
density99 
Further to this example, carbon black has also been added to PEK and PEEKIOO. Initially, 
attempts were made to separately sinter PEK and PEEK using an Nd:YAG laser (1064nm), 
however, sintering was not achieved until varying quantities of carbon black powders were 
added to the polymers. Primarily, the experiments investigated the effect of energy density 
upon the sintering depth of single layers. This was investigated using varying 
combinations of PEK and carbon black powders and PEEK and carbon black powders. 
The results of the experiments are illustrated in Figure 4.16 and Figure 4.17. 
With respect to Figure 4.16, the results illustrate that firstly, an increase in energy density 
produces an initial rise in sintering depth. In most cases, this rise appears to reach a peak, 
after which any subsequent increase in ED appears to produce a slight decrease in sintering 
depth. In addition to this, upon the formation of a stable layer, an increase in the 
percentage of carbon black powder (up to 0.08%) tends to lead to an increase in sintering 
depth at all ED levels. 
The results also highlight that when adding 0.03% of carbon black filler to the polymer 
powder. a sintered layer was not achieved until an ED of 0.40J.mm-2 was applied to the 
powder. However, as the amount of carbon black added to the polymer powder increased 
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(e.g. from 0.03% to 0.05%), the ED required to create a stable sintered layer decreased. 
This result illustrates a strong relationship between the absorption properties of the 
material and the minimum amount of energy required to initiate sintering within the layer. 
Furthermore, as little difference between the penetration depths is found between 0.08% 
and 0.1 %, it is thought that once 0.08% of carbon black is added to the material, the 
addition of further amounts of carbon black has little effect upon the total energy absorbed 
by the powders. 
811 0.08 wt.% 
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'. 
.:./··~2-- .-.-.~ __ -... ~ .. ~~~ -~ 0.1 wt.% 
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Figure 4.16 - Sintering depths dependent on average energy density obtained from SLS experiments 
with PEK and varying carbon black contents. The numbers at the single curves indicate the chosen 
carbon black content. For all measurements the energy density has been varied by increasing the 
corresponding laser power. Constant parameters were: hatch distance 0.225 mm, scanning speed 100 
mm/sloo 
The results illustrated in Figure 4.17 are somewhat different to those in Figure 4.16. For 
the powder combinations of 0.1 % and 0.15%, the penetration depth tends to increase with 
increasing energy density. However, with 0.1%, the trend appears to reach a peak and then 
decrease at the highest ED level. Conversely, the trace of 0.05% illustrates a continuously 
increasing gradient with increasing energy densities. 
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Figure 4.17 - Sintering deptbs for PEEK 450PF witb varying carbon black contents from 0.05 to 0.15 
wt. ·1. (indicated in tbe diagram). For all measurements tbe energy density bas been varied exclusively 
by increasing tbe Nd:YAG laser power. Constant parameters were: hatch distance 0.225 mm, scanning 
speed 100 mm/sloo 
The final application of IR absorbing additives to polymers comes under the premise of 
selectively adding IR absorbers to polymers. Utilising IR absorbers in this way creates 
specific regions of increased absorbency, next to regions of lower absorbency. The whole 
area can then be irradiated by a NIR lamp or specific areas, by an IR laser, with 
significantly more of the energy being absorbed by the pigmented areas. This absorption 
then leads to either melting or sintering of the bulk polymer or polymer powder. The main 
example of the application applies to HSS, with very similar examples also illustrated in 
research performed at De Montfort University illustrated within this chapter. 
The HSS process was developed at Loughborough University and previously introduced in 
Chapter 2. Initial work into the HSS process investigated the effect of carbon black 
content and IR lamp power upon sintering time of Nylon 12 - see Figure 4.18102• The 
results illustrated in Figure 4.18 demonstrate that with both the low and high IR lamp 
powers, the sintering time decreases as the amount of carbon black increases. This effect 
is most prominent when using low intensity IR radiation. 
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Figure 4.18 - Effects of carbon black and radiation intensity on sintering time of Nylon-12 
Following on from this work, the effect of the amount of carbon black powder, upon the 
mechanical properties of HSS parts was investigated. At this point, an actual HSS machine 
did not exist and therefore the study was performed upon a Vanguard SLS machine. The 
experimental materials were prepared by mixing lOkg of Nylon 12 with either 0.25% or 
2% of carbon black MONARCH® 800. Both powder samples were then rolled in tubs for 
two hours; thus ensuring even distribution of the carbon black powder throughout the 
Nylon-12 powder. Tensile specimens were then manufactured in the X-Y plane on the 
SLS machine using both powders. 
The tensile data obtained from the specimens is illustrated in Table 4.6. In addition to this, 
tensile data for SLS Nylon-12 specimens is also illustrated. In general, the results indicate 
that values of Young's Modulus (YM) and Ultimate Tensile Strength (UTS) lie in similar 
regions for both SLS and HSS parts. However, this relationship changes when considering 
Elongation at Break. (EaB), wherein the HSS parts exhibit a marked increase in EaB. 
However. recent internal experiments have alluded that when testing small specimens on 
the Instron machine, slippage of the parts within the jaws occurs thus creating invalid EaB 
data. 
Furthermore. Table 4.6 also indicates that the addition of increased quantities of carbon 
black powders has varying affects upon mechanical properties. In this instance, further 
work would be required to ascertain any definite relationships between amount of pigment 
and mechanical properties. 
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Young' Elongation at Modulus UTS (MPa) 
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1600 44 9 
1633 47.5 18 
1666 46.4 15 
• provided by 3Dsystems.com 
ubI 4. - H and L part properties 
m ab rption i within the area of transmission polymer 
ar h ta Ii h d th t d:YAG and diode laser light (wavelengths of 800-
t an 'mit lhr ugh e ral millimetres of un-pigmented solid polymers. 
r un- igm nt d pol mer was placed on top of another and 
a ial 1a r (l060nm), no welding would occur due to the 
n rg at this wavelength. However if either a thin 
d at th interface of these polymer sheets or the 
i m ~n t d \ 'th an ab orbent material welding was shown to be 
with th d:Y la er. This is illustrated in Figure 4.19. 
i lu r 4.1 - Tran mi ion weldinglO4 
79 
n k i u d to ab orb nergy from a NIR laser beam. In this situation, 
th 
th 
ultantl . thi 
lh r. xrun 1 
P U III 
III uring th manufacture of the polymer sheets, thus creating a 
1 arw Id ha developed a number of absorbents that can be 
j int a number of which have little visual colour. 
Ir f id ntical un-pigmented polymer sheets to be welded 
f th ar illu trat d in Figure 4.20 and Figure 4.21. 
welded u ing a scanning diode laser. a). black to clear 
rb lit, b) lear to clear AS using ClearWeld absorbent, c) clear to clear 
PP u ing learWeld ab orbent 103 
i u r 4.21 - lea nveld lOS 
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4.4 Summary 
The literature within this chapter has primarily identified the mechanisms of the emittance 
and absorption of energy, both theoretically and practically. Overall, it has been identified 
that the absorption of IR radiation initiates heating within a material. Furthermore, to 
effectively absorb IR energy, a material's spectral emissivity must be well matched to the 
spectral emission of an IR heat source. 
The absorption characteristics of polymers were then identified and it was shown that 
polymers absorb most effectively within the region 2-5Ilm. Consequently, the spectral 
emission of MWIR lamps fits better with the absorption regions of polymers. It is 
therefore of consequence that the spectral emission of NIR lamps do not fit well with 
polymers. This was shown both theoretically and practically, wherein literature 
demonstrated that sintering of Nylon-12 was achieved within 5 seconds when using a 
MWIR lamp, but in 10 seconds when using a SWIR lamp. This same principle was further 
corroborated with other practical examples. 
The literature then identified that through the addition of IR absorbers, the spectral 
emissivity of a polymer powder or sheet could be altered. This finding was then shown to 
have a number of applications and further findings. Firstly, via the addition of IR 
absorbing powders to Nylon-12, it was found that sintering could be achieved in a reduced 
time when using a NIR lamp. The addition of the IR absorbing powders therefore 
improved the spectral absorption of the powders and brought the overall spectral emissivity 
in line with the spectral emission of the IR lamp. This resulted in increased energy 
absorption and led to partial sintering of the polymer powders. 
Secondly, the addition of IR absorbing powders to polycarbonate powders was shown to 
actively increase the powder's emissivity. Further experiments then demonstrated that an 
increase in emissivity led to an increase in surface temperature of the composite powder 
when exposed to an IR laser. 
This literature therefore demonstrated that an increase in a powder's spectral emissivity 
can be achieved through the addition of IR absorbing powders to the polymer powder. 
This increase in emissivity can then lead to increased absorption of IR energy, which in 
tum increases the surface temperature of the composite powder material. 
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In relation to literature in Chapter 3, an increase in ED was shown to result in an increase 
in the Degree of Particle Melt and therefore, mechanical properties of SLS parts. 
Consequently. both literature chapters highlight that an increase in the spectral emissivity 
of a powder could lead to increased IR absorption, and subsequently to increased 
mechanical properties and DPM. 
Clearweld TM further established the importance of matching the spectral emissions and 
absorptions of both source and material to induce melting within polymers; in this case, the 
application tends to transmission welding of plastics. Most importantly, they identified 
that transmission polymer welding was still possible when using non-black IR absorbers. 
This work therefore demonstrated that the visual colour of the IR absorber was not vital to 
the successfulness of energy absorption. 
In relation to this work, this chapter has also identified the importance of selecting the 
correct IR lamp for the HSS process. In essence, if a medium wave IR lamp is used to 
sinter the printed image, then it may also result in sintering of the excess powder within the 
part bed. and consequently make it impossible to remove the HSS parts from the part cake. 
However. the use of a NIR lamp, and selectively increasing the emissivity of the part bed 
by printing a RAM, enables sufficient energy to be absorbed from the lamp and 
consequently initiate sintering within the printed regions only. Furthermore, the NIR does 
not initiate sintering within the excess powder within the bed and therefore the geometries 
can be removed from the part cake. Finally, it is important to consider the spectral 
emissivities of the RAM within the region that the NIR lamp emits. 
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Chapter 5 
Research Methodology 
This chapter outlines the direction and novelty within this research. It 
starts hy outlining the problem definition and then details the research 
questions. This is then following by outlining the research plans in 
segmented work pacJcages. 
The proceeding chapters then pursue each of the individual work 
pacJcages. 
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S.l Problem Definition 
Selective Laser Sintering has been shown to selectively initiate particle connections within 
a polymer build chamber using the direct application of heat from a laser. For this process, 
it is known that an increase in laser power and/or bed temperature can lead to an increase 
in the mechanical properties ofparts36.106. 
In addition to using heat sources that directly sinter polymers, is has also been shown in 
other RPIRM processes that polymers can be indirectly sintered using the energy absorbed 
by IR absorbing materials such as carbon black powders40.74,89,IOI. However, research 
within these RPIRM processes has not yet determined whether there is a relationship 
between the IR absorbing material's spectral absorption properties and the subsequent 
mechanical or physical properties of the parts manufactured. Furthermore, all IR 
absorbing materials used by existing RPIRM processes are black, therefore, it is yet to be 
shown that the indirect sintering of polymer powders is possible within anything other than 
black IR absorbing materials. 
S.2 Research Questions 
Literature presented in Chapter 4 demonstrated that effective heating of a material by an IR 
energy source takes place when the spectral emission profile of the IR source is well 
matched to the spectral absorption profile of the material. It is therefore expected that, in 
HSS, a stronger correlation between the spectral emission of the IR lamp, and the spectral 
absorption of the RAM, should result in increased energy absorption by the RAM. This 
should then result in an increase to the amount of energy transferred to the polymer 
powder, which would be expected to result in corresponding effects upon the mechanical 
and physical properties of the HSS parts produced. 
The main hypothesis of this work is that it should be possible to use the spectral lamp 
emission and spectral absorption of the RAMs to estimate the energy input into the 
powder, and therefore produce a relative measure of how well each RAM will absorb 
energy within the HSS process. Furthermore it is thought that the estimated energy value 
will correlate with the mechanical and physical properties of the manufactured HSS parts, 
whereby an increase in energy absorbed by a RAM will produce an increase in mechanical 
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properties and a change in the physical properties of the HSS parts. Furthermore, it is 
expected that this hypothesis will apply irrespective of the RAMs visible colour. 
5.3 Approach 
Each of the following chapters were performed to investigate these research ideas. 
Chapter 6: Characterisation of the IR lamp 
o Experiments were performed to determine the range and intensity of IR 
wavelengths emitted from the IR lamp. 
Chapter 7: Investigation into the IR absorbency of Duraform PA powder and RAMs 
o Experiments were performed to determine the range and intensity of wavelengths 
absorbed by the RAMs and Duraform P A powder within the region emitted by the 
lR lamp. 
Chapter 8: Energy Absorption Value Model for HSS 
o Using the results from the previous two Chapters, a model was created to 
quantitatively determine how well the lamp's IR energy was expected to be 
absorbed by each RAM. A numerical value called the Energy Absorption Value 
(EA V) was detennined for each case. 
Chapter 9: Manufacture and testing of the HSS specimens 
o A series of HSS test parts were manufactured using Duraform P A and each of the 
selected RAMs. 
o The mechanical and physical properties of these parts were measured. 
Chapter 10: Investigation into the correlation between the EAV model and the 
mechanical and physical properties of the HSS parts 
o The mechanical and physical properties of the HSS test specimens were correlated 
with the theoretical EA V s of each combination of RAM and Duraform P A. 
Chapter 11 then draws conclusions from all of the work packages and Chapter 12 
recommends further work that could continue from this research. 
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Chapter 6 
Characterisation of the IR lamp 
This first experimental chapter investigates the spectral emission of the 
lR lamp used in the HSS process. The work determines the range and 
relative intensity of the IR wavelengths emitted from the lamp when 
working at its full power. It then estimates the relative intensity of 
wavelengths when the lamp is used at a lower power level on the HSS 
machine. Overall, this work enables the calculation of a relative value 
which indicates the total amount of IR energy exposed to the HSS part 
bed by the IR lamp. 
Chapter 7 then determines the spectral absorption properties of each 
RAM Work from Chapters 6 and 7 is then combined in Chapter 8 to 
estimate a relative amount of energy absorbed from the IR lamp by each 
RAM when used in the HSS process. These calculations lead to 
establishing a theoretical value named the Energy Absorption Value 
(EA V). The EA V predicts how effectively each RAM absorbs energy 
from the lR lamp, and is correlated to the mechanical properties of the 
HSS parts in the latter chapters. 
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The IR lamp selected from the initial investigations is manufactured by Philips and is a 
2kW Infrared (IR) halogen lamp which incorporates a tungsten filament within a quartz 
envelope. Its quartz tube enables almost all of the radiation emitted from the filament to 
pass through, whilst the halogen gas reduces blackening of the tube caused by evaporation 
of tungsten from the filament. The lamp also possesses a glare reduction coating. Further 
points relating to the HSS IR lamp can be found upon the lamp's specification sheet which 
is located in Appendix D. 
The next section now describes the spectral measurement of the IR lamp. 
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6.2 Investigation into the spectral emission of the HSS lamp 
6.2.1 Experimental Methodology 
6.2.1.1 Introduction 
Th in estigation into the range and intensity of wavelengths emitted from the HSS IR 
lamp a performed at the National Physics Laboratory (NPL)lo7 in Teddington, London. 
Th quipment used to measure the IR lamp was the NPL' s reference spectrometer as 
illu trat d in Figure 6.2. Due to the use of the equipment, it was only possible to measure 
th lamp once due to time and cost restrictions of using such equipment. 
Figur 6.2 illustrates a diagram of the spectrometer containing its three different sections. 
thr sections consist of a light-tight test rig, a detection system and finally a 
mput r. To perform the test the IR lamp and reflector used in the HSS machine was 
p ition d within the light-tight test rig; this enabled the projection of a beam of EMR 
fr m th IR lamp into the detection system. The detection system then measured the 
int n ity of the beam within the wavelength region 400 to 2500nm (Visible to IR). This 
m a ur m nt range was dictated by the detectors within the test rig. Data was then 
t d and logged into an Excel spreadsheet by the computer. These experimental 
dur are now described in more detail in the proceeding sections. 
Light-tight test rig 
lR lamp 
r-
'i 7 I I 
Monochromator Detectors Computer 
I I 
Detection system 
Figure 6.2 - Basic set-up of the reference spectrometer 
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6.2.1.2 The light tight test rig 
Th light-tight test rig, illustrated in Figure 6.2, and in more detail in Figure 6.3, consisted 
of a laboratory table upon which a 3m rail was mounted with a framework built around it. 
dditional to this, an alignment laser, set of flip mirrors and an alignment telescope were 
in orporated into the system. The alignment laser and flip mirrors allowed the rig to be set 
p rpendicular to the detection system, whilst the alignment telescope was at a fixed 
di tance of O.Sm from the front face of the detection system. This resulted in the lamp 
b ing measured at a distance of O.Sm from the detectors and therefore provides a relative 
and not ab olute measurement of the energy emitted from the 1R lamp. 
Frame 
lignm nt 
T I cope ---. 
Laboratory 
table 
Rail 
Figure 6.3 - Plan view of the light-tight test rigl08 
ituat d alongside the 1R Lamp was a reference lamp. The reference lamp was used to 
calibrate the Monochromator and detection system. The presence of the reference lamp 
pr id d a traceable measurement ofthe 1R lamp because it had been previously calibrated 
again t the S1 standard. Calibration of the detection system was performed at the start of 
th da prior to any experiments. The positioning of the reference and 1R lamp is 
illu trated in Figure 6.4 and Figure 6.5 . 
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Reference 
---..... lamp 1~~~~!~l-- HSS I lamp 
Figure 6.4 - HSS IR Lamp positioned next to the reference lamp 
Framework -:-~~:::":~-mr:':"'----~======~=== 
Reference ~~-i---.., 
lamp 
HSS 
--~ 
lamp 
Rail 
Figure 6.5 - Full view of the light tight test rig 
The lamp was measured at its full power rating of 2kW (240V, 8.3A) during the 
measurements. Before testing, each lamp was switched on for fifteen minutes before any 
readings were taken. This is a standard NPL procedure and performed to ensure the lamp 
had stabilised and was emitting a constant amount of radiation throughout the experiment. 
Once performed, the appropriate shutter - illustrated in Figure 6.6, was mechanically 
opened allowing EMR to shine through to the detection system. 
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Mechanical shutters ----...... 
Reference 
Lamp 
IRLamp 
Figure 6.6 - Shutters used in the experiments 
6.2.1.3 Detection system 
The fIrst part of the detection system that the beam comes into contact with is the 
integrating sphere. The beam travels through the integrating sphere and is then reflected 
off a series of mirrors before entering the double Monochromator - see Figure 6.7. 
Integrating 
Sphere 
610 focal length 
mirrors 
EMR from the 
light tight test rig Turning mirror 
/ 
Filter Wheel 
~~::;::i.---Chopper 
r 
610 focal length mirrors 
Figure 6.7 - Detection System l08 
lnGaAs 
Si 
InSb 
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The double Monochromator is used to collect and emit a small band (either 10 or 50nm 
depending on the detector) of wavelengths from the integrating sphere beam, to the 
detectors. The band which is selected changes each time by 10 or 50nm and is controlled 
by a moving grating. This enables all the wavelengths emitted from the IR lamp to be 
analysed by the detection system. 
The narrow range of wavelengths emitted from the Monochromator are then focussed onto 
one of the detectors by a pair of mirrors. The type of detector used to measure the small 
band of EMR depends on the wavelengths present within the band. This is because each 
detector is only sensitive to a certain range of wavelengths. Table 6.1 illustrates the 
appropriate wavelength range for each detector. 
DETECTOR TYPE MEASUREMENT RANGE MEASUREMENT BAND WIDTH 
Si (Silicon) 4000m - 10000m 100m 
InGaAs (Indium-Gallium-Arsenide) 8000m - 16000m 50nm 
InSb (Indium Antimonide) 15000m - 2500nm 500m 
Table 6.1 - Detector types and their measurement ranges found in the detection system 
For each small wavelength band (lO-50nm) the detection system waits for a few seconds 
and then takes five readings. The Monochromator then continues changing the band of 
wavelengths until it has finished measuring in one of the following three regions; 400 -
1000nm, 800-1600nm or lS00-2S00nm. Measuring within these three regions was 
performed to enable average values at the end and the start of most regions to be 
determined. For example, at the end of the first region (800-1000nm), measurements using 
both the Si and InGaAs detectors were taken and averaged. These measurements are 
illustrated in the next sub section. 
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6.2.2 Results and Discussion 
Figure 6.8 illustrates the raw data collected within each of the three measured regions. The 
general trend within Figure 6.8 illustrated that the spectral irradiance of the IR lamp begins 
at the end of the visible region of the EM spectrum, rising quickly to a peak at 1250nm and 
then slowly reduces across the Mid IR region of the IR spectrum. Consequently, the lamp 
can be identified as a NIR emitter due its peak emission lying at 1250nm, in the NIR 
spectrum. 
As previously stated, it was only possible to measure the IR lamp once due to cost and time 
restrictions of the equipment employed. However overlapping of the measurement ranges 
of each of the three detectors provide further confidence in the data collected. 
Due to the restrictions of the methodology applied within this work, it was also 
investigated whether a retrospective uncertainty could be applied to Figure 6.8, therefore 
providing an indication of the uncertainty of the spectrophotometer. However, when 
discussed with staff at NPL it was commented that as the measurements were taken 
relatively and not absolutely, that any application of uncertainty would inherently have its 
own assumptions and therefore lead to a higher overall assumption. 
A further point to note is that the spectral irradiance of the IR lamp was measured with the 
reflector as illustrated in Figure 6.5; this represented the real situation in the HSS machine. 
To investigate whether the reflector had any effect upon the measured spectral irradiance, 
Figure 6.8 was compared with the emissivity curve produced by the lamp manufacturers 
and illustrated in Figure 6.9. 
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Figure 6.9 - Lamp irradiance of IR lamp, as measured by Philips at a distance of 1m 
The comparison of these spectra highlights both the similarities and differences between 
the IR lamp measured alone, and the IR lamp measured with a reflector. Firstly a 
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difference in the spectral irradiance value can be observed due to the difference in 
measurement protocol between Philip's and NPL wherein Philip's measured the lamp at a 
distance of 1m from the source and conversely, NPL's equipment enabled the lamp to be 
measured at a distance of O.Sm from the source. 
Secondly, it can be noted that the overall shape of both spectra is very similar wherein the 
relationship between irradiance and wavelength is similar across all experimental 
wavelengths. More explicitly, the spectra look very similar in the first section of the 
spectra (S50-1100nm) and also after 1750nm. These similarities therefore add further 
confidence to the readings illustrated in Figure 6.8. However, there is an obvious 
difference between the irradiance measured between 1100 and 1400 wherein Figure 6.8 
demonstrates an erratic irradiance and Figure 6.9 a smooth emission. It is thought that the 
differences observed are due to the presence of the reflector in the NPL measurements 
which seems to have affected the measured spectral irradiance. Such differences may have 
occurred due to the natural absorption properties of the reflector itself, with absorbed 
energy being re-emitted at different wavelengths. Such evidence of absorptions might be 
observed in Figure 6.8 at the wavelengths I1S0nm, 1200nm, 1350nm and 1400nm. 
However, it is pertinent to note that in the HSS machine, the reflector is used and therefore 
its presence in this experiment is valid as it reflects the true situation in the HSS machine. 
Furthermore, as the reflector has caused such a difference between the spectra, it is 
therefore also essential to use Figure 6.8 in subsequent chapters of this work as it is more 
realistic to the HSS metric. 
The data presented in Figure 6.8 demonstrated the measured irradiance by the three 
different reflectors. The overlapping data points were averaged and the results are 
presented in Figure 6.10. All experimental data is illustrated in Appendix A. 
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6.3 Adjusting the spectral emission of the lamp to its power level 
The experiments performed at NPL enabled the measurement of the spectral emission from 
the lamp when supplied with its maximum power of 2kW and measured at a distance of 
500mm. When the lamp is used in the HSS process, the power drawn by the lamp is 
controlled by a power level box, illustrated in Figure 6.11. 
Length of 
time the 
lamp is 
switched 
on for 
Figure 6.11 - IR lamp control box 
Power level 
of the IR 
lamp 
All experiments performed within this research used a power level (PL) setting of 6.1 out 
of 10. This power level had been shown through previous experimentation to provide a 
sufficient balance between the resultant level of sintering within the printed region and 
ease of powder removal of excess powder from around the manufactured parts. 
A calculation of the power drawn by the lamp at PL 6.1 was made using Figure 6.12. 
Figure 6.12 was created during previous HSS research and was produced by investigating 
the power drawn by the lamp at each power level setting on the control bOX 11 0• In this 
experiment, the measurements were made using a power clamp which was secured around 
the power cable between the box and lamp. 
Figure 6.12 illustrates the relationship between the power drawn by the lamp against the 
power level setting on the control box. The graph shows that between power levels 0 and 
2, the lamp draws negligible power, whilst between 2 and 8 the lamp illustrates an almost 
linear relationship. 
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Figure 6.12 - Power drawn by the lamp at each power level settingllO 
Using the data collected in the experiment, it was found that the power drawn by the lamp 
at PL 6.1 was 1.63kW. It was then calculated that 1.63kW was 73% of the maximum 
power drawn by the lamp. Using this value, Figure 6.10 was adjusted to take into the 
account the reduction in power. This was performed by taking all of the irradiance values 
for the lamp emission and multiplying them by 0.73. Figure 6.13 illustrates the lamp 
irradiance before and after the power level adjustments were applied. 
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Figure 6.13 - Estimation of lamp emission at power level 6.1 and power level 10 
Figure 6.14 illustrates the fmal version of the lamp emission graph. The area under the 
curve gives an approximate relative measurement of the total emissive power, per unit 
area, collected from the lamp when supplied with a power of 1.63kW and measured at a 
distance of 500mm. This has been calculated for the measured region of 400 - 2500nm 
and is 2.85 .1O-7W/m2• 
The method applied to determine the reduction in relative emissive power from power 
level 10 to power level 6.1 has some approximation embedded in the approach. Most 
notably, as discussed in Section 4.2.2 and illustrated in Figure 4.2 (The emission of EMR 
from a perfect body) it was shown that as the temperature of an emitting body decreased, 
an overall reduction in emissive power occurred, therefore resulting in a decrease in the 
value of spectral irradiance across all wavelengths. Simultaneously, an increase in the 
wavelength at which peak emission occurs is found and finally, a reduction in the range of 
wavelengths over which a body emits decreases, with a higher reduction being observed at 
the shorter wavelengths. These latter effects therefore subtlety change the shape of the 
irradiance curve. 
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The methodology taken within this work has only considered a reduction in total emissive 
power with a decrease in power level and has therefore not taken into account any change 
in peak emission or decrease in the range of wavelengths emitted. This is obviously a 
simplification, which raises the possibility of introducing an error into the metric which is 
developed in this work. It was decided at this point that as further measurement of the 
lamp was costly then this approximation was necessary in the first iteration of the design of 
the HSS metric. However, for subsequent refinement of the model, this is a variable that 
should be investigated further and a detailed understanding of the change of spectral 
irradiance with spectral emission is recommended. 
Figure 6.14 will now be used to form part of the Energy Absorption Value model. This 
work is discussed further in Chapter 8. 
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6.4 Summary 
Overall, this chapter has illustrated the relative spectral emission of the HSS NIR lamp. 
The results showed its emission commenced around 700nm, rising to a peak of 1250nm 
within the NIR region of the IR spectrum. The lamp's emission then began to tail off and 
into the mid-IR region of the IR spectrum. 
It is also noted that due to limitations of cost and time, that if this work were to be 
repeated, it is recommended that sufficient funds are available to firstly measure the 
emission of the IR lamp at a series of appropriate power levels and furthermore that such 
measurements should be repeated to attain an improved model of the lamp's spectral 
emission. Such repetition of measurements would also enable the application of an error at 
each measured data point, and therefore a measure of uncertainty in the subsequent EA V 
metric. It is therefore recommended that this is performed if the work or similar work is to 
be undertaken. 
It was also investigated whether an uncertainty value of the spectrophotometer could be 
retrospectively applied to the measurements of spectral irradiance. However, as the IR 
lamp was measured relatively and not absolutely, then an application of such an error 
would itself have added further assumptions to the spectral irradiance measurements. If 
such an error had been applied to the data then any inaccuracy in the error would have 
been further propagated through to the EA V model and all values of EA V. As such, it is 
felt that as all subsequent graphs of the EA V metric are produced from the lamp irradiance, 
that using the original data is sufficient to provide such accuracy of the HSS metric at this 
stage of development. 
Finally, the relative total emissive power of the HSS IR lamp at 1.63kW was calculated as 
2.85. 1O-7W.m-2• The spectrum of the HSS IR lamp will be used in Chapter 8 to form part 
of the EA V model. 
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Chapter 7 
An investigation into the IR absorption of 
experimental materials 
Following on from the work described in the previous experimental 
chapter, the next stage of experimental work investigated the spectral 
absorbency of Duraform P A powder and a selection of RAMs. This work 
was performed by determining the IR wavelengths absorbed by 
Duraform P A powder and each RAM sample using an analytical 
technique called Spectrophotometry. 
This chapter begins by detailing the methodology behind the 
experiments. The results then highlight the IR wavelengths at which all 
samples are most receptive. Each RAM tested on the Spectrophotometer 
provided a different absorption range and, according to the hypothesis of 
this research, when combined with the spectral emission of the lamp, 
could be used to demonstrate how well the RAM was expected to absorb 
energy within the HSS process. The results from Chapters 6 and 7 are 
then used to produce the EA V model in Chapter 8. 
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7.1 Introduction to Spectrophotometry 
Spectrophotometry is an analytical technique used to measure the intensity ofUV, VIS and 
IR radiation reflected from the surface of a material. In these experiments, the reflections 
of the VIS and IR wavelengths are only of interest because the lamp has been shown to 
emit in these regions in Chapter 6. This technique therefore enables measurement of the 
VIS and IR wavelengths reflected from RAM and Duraform P A powder samples. The 
reflected data is then manipulated to show the wavelengths absorbed and transmitted by 
the materials. The Spectrophotometer used in these experiments was a calibrated, double 
beam, Shimadzu UV-3101PC, located at Leeds University. A picture of the machine' s 
detection chamber is illustrated in Figure 7.1. 
Experimental 
chamber 
Sample -~~---.... 
IR source 
BaS04 inside 
---
chamber 
Detector 
Figure 7.1- The chamber within a photo spectrometer 
The measurement of a material ' s reflectivity begins by directing a beam of EMR 
containing all experimental wavelengths (400 - 2500nm) into a Monochromator. The 
Monochromator is then used to select a small range of wavelengths which are sent through 
to the main detection chamber. In this case, the resolution of the detector was 10nm. 
Throughout the experiments the Monochromator changes the wavelengths which it allows 
through to the detection system, until the material has been exposed to all wavelengths 
within the experimental range. 
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When the beam enters the detection chamber, it is split into two beams, with each beam 
containing an equal distribution of experimental wavelengths. One of these beams hits the 
material sample under test and the other beam hits a sample of Barium Sulphate (BaS04), 
which is a near perfect reflector of EMR within the experimental region. The radiation 
which is not absorbed by either the sample and the BaS04 is then reflected back into the 
chamber and collected by a detector. The detector then calculates the intensity of each 
reflected wavelength from the RAM sample and compares it with the intensity of the same 
reflected wavelengths from the Barium Sulphate (~ 100% reflection). This comparison is 
illustrated in the form of a percentage and produces a graph of percentage reflection 
against wavelength range for the tested sample. 
7.2 Material selection and experimental procedures 
7.2.1 Material Selection 
The spectrophotometer was used to measure a number of different materials; RAMs, 
powders and papers onto which the RAMs were deposited. The RAMs used in this work 
were suspensions wherein the IR absorbing pigments were suspended in an oil based fluid. 
The RAMs selected for use in the trials were named RAM A, RAM B and RAM C. 
RAM A was selected as this RAM was currently being used in the HSS machine and all 
HSS parts illustrated in Figure 2.16 were manufactured using this RAM. It is a carbon-
based RAM and was thus expected to demonstrate a high absorption of all radiant energy 
from the NIR lamp. It is known that this RAM works well in conjunction with the IR lamp 
to produce parts in the HSS machine, therefore its spectral absorption profile was used as a 
comparison to the other untested RAM's spectral absorptions. 
RAM B was selected as it was the pigment-less fluid from which RAM A and RAM C 
were manufactured. Therefore it was important to investigate the IR absorbency of this 
RAM and whether it could be used to make HSS parts alone. Furthermore, it would also 
demonstrate the effect of adding the IR absorbing pigments to the RAMs. 
RAM C was selected as it was developed to absorb strongly in the IR region of the EM 
spectrum. Samples of this RAM were manufactured specifically for this application and 
various percentages of pigments within the RAM were provided. In comparison to RAM 
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A its appearance is pale blue, due to the use of a different, non carbon based, IR absorbing 
pigment. The name of the pigment is confidential to the manufacturers and therefore not 
available for this research. 
Finally, a sample of mixed Duraform PA powder (40% virgin, 60% recycled) was selected 
to test as this is the polymer powder used in the HSS machine to manufacture the HSS 
parts within this research. 
Table 7.1 illustrates the list of the materials tested. The test papers form part of the RAM 
sample preparation procedure and their use is discussed in the next section. All pigment 
percentages are quoted by weight. 
Material Type 
RAM B - no pigment RAM 
RAMA-I0% RAM 
RAMC5% RAM 
RAMC3% RAM 
RAMC2% RAM 
RAMC 1% RAM 
RAMCO.5% RAM 
Duraform PA (mixture of used and virgin) Powder 
Fl paper (High quality printing paper) Test paper 
Photocopier Paper Test paper 
Table 7.1- List of materials tested using Spectrophotometry 
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7.2.2 Sample Preparation 
Each RAM sample was prepared by making a drawdown - see Figure 7.2. Each 
drawdown was made by placing a small droplet of RAM onto the paper. A ' 61lm rod' was 
then placed in the socket and drawn down the paper, bringing the RAM with it. The 61lm 
rod is so named due to the 61lm depth of the grooves in it. This results in a 61lm film 
thickness being spread onto each sheet of paper. This was used as it was the closest 
thickness to the ~ 51lm layer thickness deposited by the printhead in the HSS process. The 
rod was then cleaned and the process repeated for each RAM sample. 
61lmRod RAM sample 
Movement 
Figure 7.2 - Drawdown Equipmene 09 
Two drawdowns were produced from each RAM; one on F 1 paper and one on photocopier 
paper. The FI paper is a high quality printing paper used to print photographs and the 
photocopier paper is cheaper paper that is used in everyday printing. It was chosen to 
create samples with these two paper types to investigate any difference in the results. 
The Duraform P A powder sample was prepared by depositing the powder into a sample 
holder; this is shown in Figure 7.3. A glass block was then used to pack the powder into 
place - see Figure 7.3. 
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Glass block Sample holder 
~ 
Figure 7.3 - a). Constructing the powder sample, b). A pressed powder sample 
To ensure any irregularities in the surface finish of the samples did not cause anomalous 
results, the powder samples were prepared and tested three times on the 
Spectrophotometer, however, the draw downs only once. It is recommended that in any 
future work, all drawdowns are tested at least three times. The results from these tests are 
illustrated in Appendix B. 
7.2.3 Data Manipulation 
Once all the spectrophotometer data was collected each material's percentage absorption 
was calculated. The method for calculating the percentage absorption is illustrated below. 
Percentage Reflection + Percentage absorption + Percentage Transmission = 100% 
Equation 7.1 
Percentage absorption + Percentage transmission = 100% - Percentage Reflection 
Equation 7.2 
The next section illustrates all the results from these experiments. 
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7.3 Results 
Figure 7.4 illustrates the absorption and transmission properties of the Fl and photocopier 
paper onto which the RAMs were drawn. The results have been illustrated on a graph of 
percentage absorption against wavelength within the region 400-2500nm. All results 
within this section are displayed using this format. Figure 7.4 illustrates that the papers 
have similar absorption properties with a low absorption from 400 to 2000nm and 
increasing to around 30% after 2000nrn. 
VIS MID-IR 
~ 100 ,---~--~--~--~--~--~--~----~--~--~--~--~--~---, 
'1!. ~ 
c 
o 
';;j 
VI 
'8 80 
VI 
~ 
... 
ell 
.. . 
, , , , , , I , , I , 
--------:---------:---------r--------:---------;--------1---------,---------r---------:---------:--------1 --------f--------
, " , "" 
" , , 
, , , 
.a '" I, " , , ! :: •••••••• 1 •••••••• 1 •••••••• 1 •••••••• 1 ••••••• 1 •••••••• , ••••••• : •••••••• ' •••••••• ' •••••••• ' ••••••• • ' •••••••• : •••••••• ! •••••••• 
Co 
.. 
o 
VI 
.t::l 
00( 
, " 
: 20 ------ -- j ------- -t-------- ~- --- ---, i------ ---r-- --- ---j----- ---+ 
C : : : 
... 
~ 
.. 
Q., 
400 550 700 850 1000 1150 1300 1450 1600 1750 1900 2050 2200 2350 2500 
Wavelength (nm) 
--- F I Paper --- Photocopier paper 
Figure 7.4 - Percentage absorption ofFl and photocopier paper 
Figure 7.5 illustrates the spectral absorption and transmission properties of RAM A when 
drawn onto both FI and photocopier paper within the region 400-2500nm. The results 
show that FI paper produces higher absorption properties for RAM A when compared to 
the results produced on photocopier paper. The difference found was suggested to be a 
result of increased liquid absorption by the photocopier paper. This was also observed 
visually from the paper samples, wherein the drawdown onto Fl paper produced a stronger 
colour image. Furthermore, in other practical work, RAM A has been shown to sit on top 
of the Duraform powder 1 10. Due to these observations, it was decided to display and use 
the results taken using the F 1 paper. The discussion from here onwards only relates to the 
results collected using the Fl paper. 
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Figure 7.5 illustrates that RAM A absorbs very strongly across the measurement region of 
400-2500nm. The spectral absorption properties (emissivity, e) of RAM A have been 
characterised in Equation 7.1 below: 
e(400-2500nm) == 0.9576 Equation 7.1 
This equation indicates that the RAM will absorb approximately 95 .76% of the energy 
emitted from the lamp within the region 400-2500nm. 
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Figure 7.5 - Spectral absorption of RAM A drawn onto Fl and photocopier paper 
Figure 7.6 illustrates the spectral absorption of RAM B and F1 paper within the tested 
region 400 - 2500nm. The results show that the absorption profile of RAM B and the 
paper are very similar. This suggests that the main response is due to the IR absorbing 
properties of the paper; however, RAM B does absorb a small percentage of radiation 
additional to the paper's properties. At this stage, it was not clear whether RAM B would 
absorb sufficient radiant energy from the lamp to initiate sintering within the underlying 
Nylon particles. Physical testing of this RAM within the HSS machine in Chapter 9 
highlights the effectiveness of this fluid at creating parts within the HSS process. 
110 
Furthermore, due to the erratic nature of the absorbance of RAM B, it is inappropriate to 
apply an emissivity value to the data. 
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Figure 7.7 illustrates the absorption and transmission properties of the various 
concentrations of RAM C and the F 1 paper. The image shows that as the pigment 
percentage increases to 5%, the amount of radiation absorbed also increases. Furthermore, 
Figure 7.7 also illustrates small differences between the absorption properties of RAMs 
with higher pigment loading (5, 3 and 2%) and much larger differences between the 
absorption spectra of the RAMs with less pigment (0.5%). Additionally, RAM C indicates 
a tendency to absorb most strongly after 1300nrn, but in comparison to RAM A, very 
weakly within the region 700-1300nrn. 
111 
VIS MID-IR 
~ 100 0 
-c 90 0 
.;;; 
.~ 
80 8 
'" C 
0: 
70 = .. 
~ 
!! 60 c 
.. 
" ... 50 .. c.. 
+ 
= 40 0 
:.:: 
c.. 
... 30 0 
'" .t:> 
0: 
.. 20 ~ 
0: 
.... 
c 
10 .. 
" ... .. 
~ 
0 
400 550 700 850 1000 1150 1300 1450 1600 1750 1900 2050 2200 2350 2500 
Wavelength / nm 
--RAMCO.5% -- RAMC5% -- RAMC2% -- RAM C3% 
Figure 7.7 - Spectral absorption of RAM C 
Figure 7.8 illustrates the spectral response of a sample of Durafonn PA powder when 
tested on the Spectrophotometer. The sample tested was the same powder that was used in 
the manufacture of the HSS tensile parts within this work. 
Initially, the results illustrate a relatively low percentage absorption response to the 
radiation within the region 400 - 1600nm. The amount of absorption begins to increase 
up to approximately 50% at around 1700nm before dropping and then steadily rising to 
another peak in the longer wavelengths. These final observations illustrate the tendency of 
polymers, in this case Nylon-12, to absorb within the Mid-IR regions of the IR spectrum-
a factor highlighted in Section 4.2.2 (Effective heating of polymer materials using IR 
radiation). 
Furthennore, with reference to Figure 6.14, Figure 7.8 illustrates that the powder' s spectral 
absorption does not effectively fit with the spectral irradiance of the IR lamp. More 
explicitly, as the powder becomes more receptive in the Mid-IR region of the IR spectrum, 
the lamp' s spectral emission has begun to tail off. 
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Figure 7.8 - Percentage absorption of Duraform PA powder 
The first results from these experiments illustrated that the photocopier paper produced 
results with lower RAM absorption characteristics than those made with Fl paper. It was 
suggested that this was a result of the RAM liquid absorption into the photocopier paper 
whereas the RAM sat on top of the Fl paper due to its higher quality. This finding resulted 
in all of the graphs illustrating only the results collected when using the F 1 paper. 
Figure 7.5 illustrated the very high absorption properties of RAM A within the region 400-
2500nm. The graph suggested that the carbon present in the RAM enabled the absorption 
of almost all of the visible (400-700nm) and IR (700-2500nm) radiation available, thus 
affirming its nature as a near blackbody absorber. 
The higher percentages of RAM C (5, 3, 2%) exhibited a high level of IR absorption after 
1300nm; RAM C 5% absorbed approximately 95%, with RAM C 3% and RAM C 2% 
absorbing 92% and 90% respectively within the region 1300 - 2500nm. The results also 
highlighted that RAM C absorbs significantly lower than RAM A within the region 700-
1300. 
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The absorbance properties of the tested materials illustrate that, within the measured IR 
region, a definite absorbance discrepancy exists between the powder and the RAMs. This 
discrepancy should enable the RAMs to absorb sufficient IR energy from the lamp and 
initiate sintering in the underlying Nylon powder particles during manufacture, while not 
causing sintering in powder in the non-printed regions of the part bed. 
Existing practical studies have shown that the energy absorbed by the Nylon powder does 
not initiate strong or permanent sintering within the unprinted areas of the bed. 
Consecutively, the work in Chapters 6 and 7 have also shown that the lamp emission 
interacts to some extent with the powder's absorption profile. However, it is not expected 
that the powder's absorption alone will initiate sintering at the current lamp power levels. 
This fact has been further illustrated within Section 4.2.4 (Effective heating of polymer 
materials using IR radiation) wherein it was shown that sintering of Nylon-I 2 powders 
could be achieved with NIR lamps, only if exposed for an appropriate time. 
Comparing the lamp emission demonstrated in Chapter 6 with the RAM absorptions in this 
Chapter illustrates a number of successful matches. This relationship is discussed further 
and modelled in Chapter 8. Finally, the experiments performed to manufacture parts using 
these RAMs are discussed along with the results in Chapter 9 and 10. 
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Chapter 8 
The construction of an Energy Absorption 
Value Model for HSS 
The work described in the previous two chapters determined the range 
and relative intensity of wavelengths emitted from the IR lamp and the 
wavelengths absorbed by both the RAMs and Duraform P A powder. This 
chapter now examines how well each RAM absorbs energy from the IR 
lamp. 
This work was performed by creating a model in which an Energy 
Absorption Value (EA V), a single representative number, is calculated 
for each combination of lamp emission and RAM absorption. The 
chapter begins by demonstrating how the EA V model was constructed; it 
then proceeds to calculate an EA V for each RAM and lamp combination. 
The EA V values are then analysed and conclusions drawn. 
Chapter 9 then describes the manufacture of the tensile test specimens 
using each of the selected RAMs. The mechanical and physical 
properties of these specimens are then compared to their EAVs and the 
correlations are illustrated and discussed in Chapter 10. 
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8.1 Input factors for the EA V model 
Figure 8.1 illustrates an image of the HSS process and highlights which factors of the 
process are thought to influence the mechanical and physical properties of the HSS parts. 
These are spectral emission of the IR lamp, spectral absorption of the RAM, spectral 
absorption of the powder, printing density of the printhead, powder bed temperature and 
traversing speed of the IR lamp. 
Spectral 
irradiance 
the IR lamp 
Traversing 
speed of the 
IR lamp 
temperature 
Lamp height Reflector design 
Spectral 
absorption 
of RAM 
Printing 
density 
Spectral 
)----+i absorption of 
Powder 
Figure 8.1 - Features of the HSS process which are thought to influence part properties 
To create a model which quantitatively determined how well each RAM absorbed energy 
from the IR lamp, it was decided to model two of the features that are identified in Figure 
8.1. For this model, the spectral absorption of the RAM was selected as the independent 
variable, and the spectral irradiance of the lamp as a controlled variable. In contrast to this, 
the spectral absorption of the powder, printing resolution of the printhead, roller speed and 
powder bed temperature were not considered within the model and remained fixed within 
the experiments detailed in Chapter 9. Furthermore, due to the function of the model, it 
has been named the 'Energy Absorption Value' (EAV) model. 
Figure 8.2 now illustrates how these two factors interact together and with other factors 
which influence their properties. Within Figure 8.2, the bold black lettering denotes 
controlled variables and the bold red lettering the independent variables. Furthermore, the 
italic lettering illustrates the other factors that are not included in the model but which 
affect the selected controlled and independent variables. 
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The next section within this chapter illustrates how each part of the model is constructed. 
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8.2 Generation of the Energy Absorption Value model 
The Energy Absorption Value model is constructed using two graphs; the spectral 
irradiance of the lamp (Chapter 6) and the spectral absorption data for each RAM (Chapter 
7). Figure 8.3 illustrates how both of the variables were combined to produce the EA V 
model. 
Spectral 
absorption 
of RAM or 
powder 
Inm 
x 
Spectral 
irradiance of 
IRlamp 
I W -2 -\ .m .nm 
I Integrate area under graph I 
Energy Absorption Value 
I W.m-2 
Figure 8.3 - Flow cbart for EA V model operations 
The next section of this chapter now demonstrates how the EA V model has been created 
using the results obtained in the previous chapters. It was chosen to use theoretical RAM 
data in this example to illustrate how the model works. However, the lamp irradiance data 
is as measured in Chapter 6. 
Figure 8.4 illustrates an example of Spectrophotometry data from a theoretical RAM. The 
theoretical example demonstrates that the RAM absorbs 50% of the radiation within the 
wavelength range 400 - 2500nm. This data represents the first part of the data required to 
create the EA V model. 
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Figure 8.5 represents the next part of the data required to create the EAV model. It 
illustrates the spectral irradiance of the HSS IR lamp against wavelength within the region 
400 -2500nm. 
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Figure 8.6 illustrates the result of multiplying the spectral absorption at each wavelength 
by the spectral irradiance of the IR lamp at each corresponding wavelength. 
The area under the black line Figure 8.6 was then integrated to determine a relative value 
for the amount of energy absorbed by the material. Subsequently, an EAV for this material 
was produced. 
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Figure 8.6 - EA V model for the theoretical RAM 
The area under the line was calculated using a first order numerical integration. Due to 
measurement techniques of the lamp, the area under the line was calculated in 10nm band 
widths up to 1000nm and in 50nm band widths over 1000nm. 
For this theoretical RAM, the Energy Absorption Value was 1.43.10-7 W_m-2_ The 
methodology described above was used to calculate EA V s for all the RAMs. All 
experimental data produced within this chapter is documented in Appendix C. 
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8.3 Results 
Figure 8.7 illustrates the EAV graph for RAM A. Due to the high emissivity of RAM A 
within the region 400 - 2500nm, the RAM absorbs almost all of the incoming radiation 
energy from the IR lamp. It illustrates its excellent match of absorption properties to the 
lamp' s emission properties and supports the reason behind its success in manufacturing 
parts so far. This RAM has an EAV value of2.74 .10-7 W.m-2. 
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Figure 8.7 - Energy Absorption Value model for RAM A 
Figure 8.8 illustrates the EAV graph for RAM B (pigment-less RAM). The graph shows 
that the RAM absorbs very little of the lamp emission. The Spectrophotometry results for 
this fluid (Figure 7.6) illustrated a slight increased responsivity of the RAM to the IR 
wavelengths around 1500nm and within the region 2100 - 2500nm. However, due to the 
reduction of lamp emission within this wavelength region, the increased responsivity of the 
fluid makes little difference to the total energy absorbed by the fluid. 
Overall, as the absorption results of RAM B (Figure 7.6) were much less than that of the 
powder absorption (Figure 7.8), the lamp is thought to have negligible effect on RAM B, 
and subsequently, it is expected to have little success in initiating sintering within the 
powder bed. Furthermore, this RAM has an EAV value of 4.06.10-8 W.m-2. 
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The next seven images, Figure 7.8 - Figure 7.12 illustrate the Energy Absorption Value 
graphs of RAM C 0.5 to 5%. 
Figure 8.9 begins by illustrating the EA V graph of RAM C 0.5%. Firstly, it illustrates that 
the RAM is absorbing significantly more energy than RAM B. This suggests that it is the 
pigment in the RAM that is aiding energy absorption. Furthermore, the RAM is absorbing 
more effectively in the longer wavelengths when compared to the shorter wavelengths. 
This trend is seen throughout the next graphs and is a different characteristic to RAM A. 
Overall, RAM CO.5% illustrates a good level of energy absorption from the lamp in 
comparison to Figure 8.7 (RAM A), where EAV RAM B < EAV RAM CO.S% < EAV 
RAM A. However, currently it is not clear if this amount will be enough to initiate 
sintering within the powder. Furthermore, this RAM has an EAV of 1.30 .1O-7W.m-2. 
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Figure 8.9 - Energy Absorption Value model for RAM C 0.5% 
Figure 8.10 illustrates the absorption properties of RAM C 1 %. The results indicate a rise 
in both the absorption of shorter (700-1500nm) and longer (1500-2500nrn) wavelengths 
when compared to Figure 8.9. This trend continues as the amount of pigment within each 
RAM is increased. 
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Figure 8.10 - Energy Absorption Value model for RAM C 2% 
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Figure 8.12 - Energy Absorption Value model for RAM C 5% 
Finally, Figure 8.13 also illustrates the EA V graph for the experimental powder. The 
graph shows that the powder absorbs less within the NIR region and more within the Mid-
IR region of the experimental range, These results suggest that the lamp has little effect 
upon the Duraform powder at the current lamp power level. Furthermore, during previous 
experiments it was found that the lamp did not initiate sintering of Duraform P A powder 
within the part bed. This facilitates the conclusion that in both the experimental and 
theoretical situations, the lamp has no appreciable effect upon sintering of the powder bed 
using the current lamp power levels. Furthermore, it supports the notion that the IR 
absorbing pigments within the RAM are absorbing and transferring sufficient energy from 
the lamp to the underlying Duraform particles, enabling sintering within the printed areas. 
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Finally, Table 8.1 illustrates the EA V s for all the tested RAM and powder combinations. 
These values will now be used in Chapter 9 to establish whether there is any correlation 
between EA V and the mechanical properties of the HSS parts manufactured using each of 
the RAMs. 
RAM EAV / W.m-2 
A 2.74.10-7 
B 4.06 .10-8 
CO.5% 1.30 .10-7 
C2% 2.02 .10-7 
C3% 2.25 .10-7 
C5% 2.31 .10-7 
Duraform P A powder 5.55 _10-8 
Table 8.1 - EA V's for all RAMs 
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8.4 Discussion 
Primarily, this chapter has described the construction of the Energy Absorption Value 
model for HSS and its application to RAMs used in this research. At this stage, the model 
provides a basic prediction of relative energy absorptions of each RAM. 
It is already known from preliminary work that RAM A creates a well sintered part and 
Figure 8.7 supports this by illustrating its excellent match of absorption properties to the 
lamp's emission properties. Furthermore, other RAMs such as RAM C5% and C3% 
demonstrate absorption profiles which approach that of RAM A and would therefore be 
expected to absorb sufficient energy to sinter underlying Duraform P A powder particles, 
using processing parameters that have proved successful with RAM A. 
The absorption properties of the Duraform powder were also illustrated in Figure 8.13. 
This enabled a comparison to be made between the RAMs and the powder and illustrated a 
visual discrimination between the amount of energy absorbed by the powder and many of 
the RAMs. 
The numerical results also indicated that the powder absorbs a small amount of energy 
from the lamp when compared to most of the RAMs. Therefore, the results suggested that 
without any RAM, it would be impossible to initiate sintering within the powder bed at 
current power levels. 
This finding is further corroborated by other previous tests which found that the lamp did 
not cause any permanent sintering within the Duraform PA powder. This work supports 
the notion that there is a definite absorption discrimination between the RAM and the 
powder and therefore the RAM is acting as an intermediary by absorbing and transferring 
sufficient energy from the lamp to the underlying Duraform particles, thus enabling 
sintering within the printed areas. 
Chapter 9 will now discuss the experimental methodology and results for the manufacture 
and testing of parts with a range of RAMs. Chapter 10 then compares the EA V values 
against the mechanical and physical results, drawing conclusions on the effectiveness of 
the EA V model. 
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Chapter 9 
The manufacture and testing of HSS 
• specimens 
Following on from the work described in the previous chapters, this 
chapter now evaluates the mechanical and physical properties of 
specimen parts which have been manufactured on the HSS machine using 
Duraform P A and each different RAM 
The chapter begins by detailing the methodology by which the specimens 
were made. It covers issues such as the machine parameters, thermal 
measurements taken during the experiments and post processing of the 
parts. This is followed by the experimental observations before reporting 
upon the mechanical and physical properties of the specimens which 
were obtained using tensile testing and Differential Scanning 
Calorimetry. 
Chapter 10 then compares the mechanical and physical properties of 
each specimen to the EA V of the same RAM and lamp combination. The 
correlation between these variables is then investigated and discussed as 
the model is validated. 
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9.1 Methodology 
Within the experimental build phase of the work, it was vital to ensure that any differences 
found between the mechanical and physical properties of the HSS parts was a result of a 
change in RAM and not any uncontrolled variables. Consequently, standardising the 
experimental build methodology was deemed an important step within this work. Each 
parameter that was controlled or monitored within the experiments is illustrated below and 
organised into the manufacturing stage that it belongs to. Each parameter is discussed in 
the following sections: 
Standard build 
Parameters (9.1.1) 
Testing of parts 
(9.1.2) 
Part layout (9.1.1.1) 
Xaar printhead (9.1.1.2) 
Experimental order (9.1.1.3) 
RAM changeover (9.1.1.4) 
Powder preparation (9.1.1.5) 
Preheating parameters (9.1.1.6) 
Operating parameters (9.1.1.7) 
Thermal measurement (9.1.1.8) 
Post processing (9.1.1.9) 
Powder bed hardness (9.1.1.10) 
Measurement of mechanical properties (9.1.2.1) 
Measurement of physical properties (9.1.2.2) 
Summary (9.1.2.3) 
These sections are then summarised before moving onto the experimental observations and 
results. 
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9.1.1 Standard build parameters 
9.1.1.1 Part layout 
The tensile test specimens manufactured within the experiments were designed in 
accordance with British Standard BS EN ISO 527-2/1A. This standard is used when 
testing moulded, extruded or cast items, manufactured with standard thermoplastic or 
thermosetting polymers. Currently, no standard exists specifically for testing sintered 
polymer materials manufactured using layer processes. Figure 9.1 below illustrates the 
specimen along with its main dimensions; the thickness of the part is 4mm. 
All dimensions quoted in mm. 
Figure 9.1 - Tensile test specimen BS EN S27-2/1A 
For each RAM under consideration, six tensile test specimens were manufactured to 
account for any variability within the build. The positioning and layout of the parts within 
the HSS part bed was governed by the position of the printhead which was central within 
the part bed and possessed a print swathe of 54.3mm. The width of the print swathe 
facilitated the positioning of three layers of two tensile test specimens side by side, with 
half nearer to the front of the machine, and the other half nearer the back as indicated 
within Figure 9.2. This is illustrated in Figure 9.2 and Figure 9.3. 
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Parts 
Figure 9.2 - Positioning of parts within HSS part bed 
To enable successful identification of each tensile test specimen, the .stl file which defined 
its dimensions also included a sunken label. The position of the labelling is highlighted 
within Figure 9.3. A part's horizontal position was labelled with either 'F ' (if it was nearer 
to the front of the machine) or 'B' (ifit was nearer to the back of the machine). Alongside 
this, a part's vertical position was labelled with 1, 2 or 3 (1- bottom, 2 - middle and 3 -
top). If for any reason the numbers were not visible due to a low level of sintering, the 
parts were removed carefully and placed, one by one, into labelled bags corresponding 
with their position. The labelling system is used later on in this chapter when graphically 
illustrating the properties of each part. Finally, the labelling was also used to ensure the 
tensile test specimens were always tensile tested in the same orientation. 
In between each set of tensile test specimens a additional specimen was manufactured; its 
position with respect to the tensile test specimens is illustrated in Figure 9.3. This 
specimen was used to provide samples for DSC analysis, a technique which is described 
later in Section 9.1.2.2. Each specimen's dimensions were 80mm by 10mm by 4mm. 
These dimensions were the same size as the segment tested within the tensile specimens; 
this ensured that the data collected from the DSC specimen would be comparable to that 
within the tensile specimens. 
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Top (1) 
Middle (2) 
Bottom (3) 
Front (F) Back (B) 
DSC --1--------' 
specimen 
Figure 9.3 - Layout of parts in build 
9.1.1.2 Xaar Printhead 
Labelling 
A Xaar OmniDot 380 printhead was used throughout all the experiments as it is part of 
current HSS machine set-up. The printhead operates with a printing resolution of 180DPI 
across its width and 169DPI in the direction of motion. 
Prior to every experiment, the printhead was tested to ensure all its nozzles were working 
and not blocked. This was done by placing a piece of white paper onto the main part bed 
within the machine and then printing a 50mm by 300mm rectangular image onto it - see 
Figure 9.4. Since these dimensions were larger than the overall dimensions of the build, 
this ensured that all the appropriate nozzles were functioning. 
300mm 
Figure 9.4 - Test Image 
Any white lines that appeared on the printed image indicated that at least one nozzle was 
blocked. If this happened, the printhead was placed over the overflow bed and purged with 
RAM for ten seconds; the test was repeated again until a satisfactory print was achieved. 
The paper samples of the printed strips were kept as part of the experimental log. 
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9.1.1.3 Experimental order 
The HSS machine makes use of a pyrometer to monitor the part bed temperature; however 
the performance of this component over multiple builds had not yet been quantified. This 
raised the possibility of a small drift in the calibration of the pyrometer over time, resulting 
in small variations to the specified part bed temperature. As a precaution, a random build 
order was chosen to ensure that, if any consistent thermal drift existed, it did not affect the 
experimental results in any confounding way. Figure 9.5 illustrates the experimental order 
of each different RAM build. 
~CLJ I C5% II C5% II co.5%11 C2% II C3% ICD ~c::I:J 2 3 4 5 6 [IJ 
000000 
Figure 9.5 - Experimenta l order 
9.1.1.4 RAM changeover 
In between each different build the HSS machine was cleaned to prevent contamination 
between each RAM. This involved cleaning the printhead, delivery pipes, filter and pump. 
Firstly, cleaning fluid was pumped through the printhead and pump, the filter was replaced 
and air was blown through the delivery pipes to remove the previous RAM. However, 
when changing from the black RAM A to RAMs B and C, the delivery pipes were replaced 
as they were impossible to clean thoroughly. 
9.1.1.5 Powder preparation 
The powder used within the experiments was Nylon 12 (Duraform PA™), which is the 
only polymer material that has been processed by the HSS machine to date. The powder 
used in the experiments was a mix of 40% virgin and 60% recycled powder and the 
recycled powder had been used once in the HSS machine. This powder was mixed in one 
batch using an SLS mixing station and then sealed and stored next to the HSS machine. 
The recycled powder was used due to restrictions in material availability; furthermore, a 
combination of virgin and recycled powder had already been used successfully in HSS 11 0. 
Finally, it was a sample of this powder that was tested using photo-spectrometry in Chapter 
7. 
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The powder was placed into the machine on the afternoon before each experimental build, 
wherein the depth to which the beds were set is illustrated in Figure 9.6. At this stage, a 
sample of powder was taken from the feed bed. Each sample was used to investigate the 
repeatability of the powder's melt point and percentage crystallinity using DSC; this is 
discussed further in Sections 9.1.2.1 (Measurement of physical properties) with the results 
illustrated in Section 9.3.1.1 (Repeatability of experimental powder). The part bed heater 
and feed bed heater were then set to 30°C to help standardise the starting temperature of 
the powder. The powder was then left overnight. 
60mm deep 
25mm deep 
60rnm deep (empty) 
Figure 9.6 - Initial powder depths in experiments 
Finally, all experimental observations relating to material behaviour were recorded in the 
experimental log during the builds. 
9.1.1.6 Preheating parameters 
Prior to building parts, preheating was performed using a standard procedure developed for 
the HSS machine. This is specified in more detail in Appendix D. The procedure took two 
hours, and resulted in the temperature of the feed and part beds rising from 30°C to 60°C 
and 173°C respectively. Prior to performing this procedure, the pyrometer window was 
cleaned with alcohol wipes to remove any dust and dirt. This ensured that any residue 
which had collected upon its window did not affect the readings taken during the 
experiments. 
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9.1.1. 7 Operating Parameters 
Table 9.1 illustrates the parameters that were used during the build phase of all the 
experiments. These temperatures were selected as they are the standards used in the HSS 
machine and are discussed in more detail below. 
Heater Setting 
Left hand side feed bed 60·C 
Part bed 173·C 
Right Hand Side Feed 75·C 
Part Piston 150·C 
Cylinder Heater 130·C 
Ratio Inner / Outer 0.9·C 
Table 9.1 - Machine operating parameters 
The left hand side feed bed was set to 60·C. Any increase in this resulted in the metal 
surface between the LHS feed bed and part bed reaching a temperature at which the 
powder agglomerated as it was rolled over its surface and onto the part bed. This was 
detrimental to the build as agglomerated powder was then transferred to the build area. 
As illustrated previously in Figure 9.6, the RHS feed bed contained no powder. However, 
it had been established through previous HSS experiments that setting the RHS feed bed 
heater to 75·C assisted in producing a more uniform temperature across the part bed. 
The part piston and cylinder heater were set to 150·C and 130·C respectively; a standard 
used in SLS which has translated well to HSS. They assist mainly to prevent heat from 
escaping through the bottom and sides of the part bed. The power ratio of the inner ring on 
the part bed heater to the outer ring was set to 0.9; again this is a standard used in HSS, 
originally taken from SLS, in order to provide the most even temperature distribution 
across the part bed. 
Further to the thermal issues, there were also a number of other parameters that were 
controlled. These are illustrated in Table 9.2. 
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The layer thickness used in the experiments was O.lmm. This was achieved by raising the 
LHS feed bed by 0.25mm and dropping the part bed by O.lmm. Furthermore, the roller 
speed was set to 127mm1s throughout the whole set of experiments. 
The lamp power level used within the experiments was 1.63kW (as discussed in chapter 6). 
During the HSS manufacturing cycle the lamp was left on for 9.3 seconds; during the first 
3 seconds the lamp was brought up to the selected power level whilst situated over the 
RHS feed bed. The remaining 6.3 seconds were used to allow the lamp to traverse from 
right to left over the part bed, thereby exposing the RAM and sintering each layer. 
Parameter Setting 
Layer thickness 0.1 mm 
Roller speed 127 mmls 
Lamp power 1.63 kW 
Lamp duration 9.3 s 
Table 9.2 - Machine operating parameters 2 
Other parameters that were used in the experiments were mostly related to settings in the 
Xaar software. These parameters can be found in the build documents in Appendix D. 
Finally, the total time taken for each build was 22 hours. This consisted of 2 hours of 
preheating, 3.5 hours of building and 16.5 hours of cooling. A description of the build 
timing is illustrated below in Table 9.3. The build time was a product of the 184 layers 
within each build, with each layer cycle time taking 66 seconds. The cooling time was 
16.5 hours due to the machine being left to cool down overnight before removing the parts 
the next morning. This was important within the procedure as cooling time is known to 
affect crystallinity rates, as discussed in Chapter 360. 
Section Total time Start time 
Preheating 2 hrs Ham 
Building 3.5 hrs Ipm 
Cooling 16.5 hrs 4:30pm 
Part removal nla 9am 
Table 9.3 - Build times 
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9.1.1.8 Thermal measurement 
During building, a number of monitoring systems were established to ensure that the same 
thermal conditions were applied to all experiments. These consisted of logging the 
pyrometer and printhead temperatures throughout the build. The pyrometer is situated at 
the back of the machine and is used to measure the temperature of the part bed, whilst 
thermocouples were embedded into the printhead to monitor its temperature during 
operation. An approximate location of the pyrometer's reading position is illustrated in 
Figure 9.7. 
Logging of the pyrometer temperature was performed every fifteen minutes. The reading 
was taken just as the roller started to move from right to left - see Figure 9.7 below. This 
ensured that each measurement was taken at the same point within the manufacturing 
cycle. Furthermore, taking the reading at this point also illustrated the temperature of the 
bed just before printing and sintering. 
Approximate position 
of pyrometer read ing 
Figure 9.7 - Point at which the Pyrometer reading was taken 
The printhead temperature was not influenced by the HSS machine cycle and its 
temperature rose slowly with time. Therefore, its temperature was logged every fifteen 
minutes, irrespective of the point within the build. 
The measurements were recorded in the experimental logs and the results are illustrated in 
Section 9.3.1 (Measurements taken during building). 
137 
9.1.1.9 Post processing parameters 
Within this thesis, post processing is defined as the procedure undertaken once the HSS 
machine has completed its build. It is an important stage to consider as a number of 
studies have shown that cooling rate has an influence upon mechanical properties in SLS60. 
Once the build stage was complete, the roller was positioned above the RHS feed bed and 
all heaters were switched off. As there was no facility for automatic removal of part cake, 
the build was left in the machine to cool down overnight. 
Prior to removing the parts, the part bed was tested for its hardness as described below. 
The parts were then retrieved after approximately 16.5 hours of cooling and the excess 
powder surrounding the parts was scraped away with a blunt Stanley knife. This procedure 
was repeated for every build. 
9.1.1.10 Powder bed hardness 
Introduction 
The part bed hardness found in the HSS machine is a result of the bed's exposure to IR 
energy from both the overhead heater, IR lamp and conduction from the parts being built. 
The resultant effect upon the part bed is an important factor for HSS because if the thermal 
energy supplied to the main part bed is significantly above standard operating levels e.g. 
those selected for this work, then excess powder around the parts can become sintered, and 
thus make part retrieval difficult. 
In addition to this, analysis of part bed hardness has been shown in previous work to be 
linked to lamp power levels and overhead heater settings. The results from the previous 
work illustrated that an increase in power level from both the lamp and part bed heaters 
increase the subsequent part bed hardness. This data therefore impacts on this work as part 
bed hardness can be used to indicate whether the part bed has been exposed to the same 
amount of energy throughout each experiment. The protocol was developed by the author 
and the corresponding paper illustrated in Appendix E. 
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Procedure 
Testing of the part bed hardness began by placing a cardboard grid upon the part bed in a 
repeatable position - see Figure 9.8. 
Figure 9.8 - Image of Hardness testing grid on the part bed. 
A random number generator program was then used to create a list for the order in which 
each of the 49 holes within the grid were tested. This ensured that the measurements were 
not affected by human factors. For example, the readings could be influenced by what the 
operator expected if they were taken one after each other. A Ridsdale hardness indentor 
(normally used to test the hardness of compacted sand in a casting mould) was then 
inserted into each hole and a hardness level was recorded into an excel spreadsheet - see 
Figure 9.9. 
A tested hole 
within the 
part bed 
Mask over the __ ~~~:!!!j"" 
powder bed 
Figure 9.9 - Taking a powder hardness reading 
Ridsdale 
hardness 
tester 
Once all the measurements were taken, the parts were removed from the machine and the 
data was processed. It was nominally found that part bed hardness within the central 
region of the part bed was between 79 and 99 units, however, outer regions were much 
lower and in the region of 0-50 units. 
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The hardness of excess powder found within the part bed also impacts the recyclability of 
excess powder. In normal use of the HSS machine, it has been found that if regions of the 
powder bed have a hardness value below 80, then they can be re-sieved, and re-used in 
future builds. However, any areas of the part bed with a powder bed hardness over 80 are 
discarded and therefore not re-used. It is also pertinent to note however that the effect of 
using recycled powder on mechanical properties of parts is yet to be investigated for HSS. 
The next two sections describe the measurement of the mechanical and physical properties 
of the manufactured specimens. 
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9.1.2 Testing 
9.1.2.1 Measurement of mechanical properties 
Before the tensile test specimens were tested using BS EN ISO 527-2/1A, they were placed 
in a temperature and humidity controlled room at 23 ·C for at least 48 hours. The 
mechanical properties of the tensile test specimens were then tested on a Zwick machine 
with a sensor arm extenso meter illustrated in Figure 9.10. The Elastic modulus was 
measured first using a strain rate of Immlmin whilst tensile strength and elongation at 
break was measured using a strain rate of 5mm1min. 
Long arm 
extensometer I 
'" I '" 
I 
Figure 9.10 - Zwick tensile test machine 
Mechanical 
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9.1.2.2 Measurement of physical properties 
DSC was used to measure characteristics of both the powder and the parts in the work. 
The following sections detail the measurement process used in both cases. 
Using DSC to investigate the repeatability of the experimental powder 
In order to establish whether the properties of the powder were statistically consistent 
throughout the builds, a sample of powder was taken from the feed bed before each 
experiment. The melt point and percentage crystallinity of each sample were determined 
and the results were then compared using a statistical tool called ANOV A (this is further 
defined in 9.1.2.3). Figure 9.11 illustrates the method for making a powder sample that 
was to be analysed in the DSC machine. The images illustrate the addition and weighing 
of the powder sample prior to it being crimped and sealed in a fly press. 
Each sample weighed 5 +/- O.5mg. This sample size was chosen as it was shown to 
provide an appropriate resolution in which to analyse the individual peaks60 . Furthermore, 
other studies have shown that small sample sizes improve the resolution of the crystalline 
peaks due to a reduction in thermal gradients and thermal lags within the polymer 
specimen69,111 . 
1 
-/ ~ ~'., 
4 
1 1 cnmpmg 
2 5 
Figure 9.11- Making a powder sample (1 - DSC pan, 2 - DSC pan with powder,3 - powder weighing, 
4 - addition of lid 5 - after crimping) 
The crimped specimen pan was then placed into the DSC machine and heated from 23 °C to 
220°C at a rate of lOoC per minute. The sample was then held at this temperature for two 
minutes before cooling to room temperature (20·C) at the same rate. As the machine 
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reached room temperature within the cool down cycle, it could no longer attain a rate of 
10·C/min. Data after approximately 70' C is therefore invalid, and cannot be included in 
any analysis. However only the heating cycle is of interest to this work and therefore the 
cooling rate bears no consequence to the results. 
The data collected from each sample was analysed using DSC analysis software (T A60) to 
obtain its peak temperature and percentage crystallinity. These variables are annotated 
below in Figure 9.1 2. 
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Figure 9.12 - A DSC trace of Nylon-12s melt peak 
The heat of melting which was determined by the DSC analysis software was then used to 
calculate the percentage crystallinity of the sample; this is illustrated below in Equation 
9.1. To perform this calculation the theoretical heat of melting for a sample of 100% 
crystalline Nylon-12 was taken as 209.3 J/g ll2 . 
Percentage crystallinity = heat of melting of sample 
Heat of melting for a 100% crystalline specimen 
Equation 9.1 - Calculation of percentage crystallinity ll2 
The r sults from these experiments are detailed later in section 9.3.1.1 (Repeatability of 
exp rimental powder), with further graphical and numerical data illustrated in Appendix F. 
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Using DSC to examine test parts 
As explained previously, Zarringhalam determined that the height of the core peak which 
remains within a sintered part is linked to the amount of energy received by the Duraform 
P A particles6o . Therefore, with respect to this research, it was important to determine if 
there was a relationship between EA V and core peak height, thus illustrating that EA V 
correlates to the amount of energy absorbed. Figure 9.13 illustrates the position and 
calculation of core peak height within the DSC trace. 
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Figure 9.13 - Calculation of core peak height 
To process the DSC specimens and collect the data illustrated in Figure 9.13, the middle 
segment of a slice taken from the centre of the part was weighed to within 5 +/- O.5mg and 
placed into an aluminium DSC pan. Figure 9.14 below illustrates how a central slice was 
removed from a sample, this slice was then further processed to remove the central 
segment for processing. This final step is further indicated in Figure 9.15. 
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A lid was then applied to the pan and crimped before processing it under exactly the same 
conditions in the DSC machine as described for the powder samples. The traces were then 
analysed for their core peak height, heat of melting, and the percentage crystallinity. 
The results are illustrated in section 9.3 .5 (DSC graphs for each RAM) and further 
numerical and graphical data is illustrated in Appendix F. 
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9.1.2.3 Statistical analysis 
Statistical methods were applied within this work using two methods. The first statistical 
method that was used is called ANOVA. This method was used, firstly, to indicate 
whether there were any statistically significant differences in physical characteristics of the 
Duraform PA powder used in each build and, secondly, to indicate whether there were any 
statistically significant differences in the amount of thermal energy received during 
building. This information enabled the determination of whether the only known 
difference between experimental builds was due to the change in RAM used and no other 
discemable factors. A further explanation of ANOVA is detailed below. 
The second statistical method applied in this work is called the t-test and was used to 
indicate whether there was any statistically significant difference between the mechanical 
properties of HSS parts manufactured using each RAM. This was performed by 
comparing the mechanical properties of parts manufactured using each RAM; however, 
since the t-test is only designed to be used on two sets of data, then only two sets of data 
were compared at a time. For example, the mechanical properties of RAM C5% were 
compared to those of RAM C3%, then those of RAM C3% to RAM CO.5%. The t-test is 
also described in more detail below. 
ANOVA analysis 
ANOV A was used within analysis of the data obtained from the tensile and DSC 
specimens. It was used to indicate whether there were any significant differences between 
the experimental aspects of the builds. The results of this test would therefore identify 
whether each build had been performed firstly with statistically similar Duraform P A 
powder and secondly, whether each build had been subjected to a statistically similar 
amount of thermal energy. To determine whether the powder bed had been subjected to 
the same amount of thermal energy the part bed temperature, print head temperature and 
resultant powder bed hardness were logged both during and after building respectively. 
The following text describes the function of the statistical test. 
ANOVA is a statistical tool used to indicate whether or not the variation between more 
than two groups of data is due to random chance or an actual difference between the 
groups 113 • It performs this by calculating a ratio of the variation between groups to the 
146 
variation within each group. This ratio is called the F ratio and a mathematical 
representation is illustrated below in Equation 9.1 113 • 
Where, 
S; = Variation between groups 
S2 = Variation within groups 
If 
F = F ratio 
Equation 9.1 
Equation 9.2 - F ratio113 
The calculated F value is then compared to a critical value of F (F erit) which is selected 
from a table of Ferit values using a significance threshold of p :::;; 0.05 and the associated 
number of degrees of freedom. The two values of F are then compared; if F is smaller than 
F erit then it can be concluded with 95% confidence that the variations between the groups 
are not significant and are due to random chance. Alternatively, if F is larger than Ferit, 
then the variations between each group are large enough to conclude with 95% confidence 
that the differences are significant and the data within each group does not belong to the 
I . 113 same popu atlOn . 
The application of ANOV A is dependent upon two conditions: that the samples being 
compared are all normally-distributed, and that the variance of all samples is reasonably 
. '1 113 Simi ar . 
The independent t-test 
The independent t-test is used to determine whether there is a statistical difference between 
two sets of data from two different groups. Equation 9.2 illustrates the general equation 
for the independent t-test and Equation 9.3, an expanded equation of the independent t-test. 
Equation 9.2 
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Equation 9.3 
Where, 
XI is the mean for Group 1, 
X2 is the mean for Group 2, 
nl is the number of participants in Group 1, 
n2 is the number of participants in Group 2, 
S.2 is the variance in Group 1, and 
s i is the variance in Group 2. 
The test value t, produced from Equation 9.3 is compared with a critical value of t found 
within tables listing the critical values of the t distribution using a significance threshold of 
p ~ 0.05. Again, the values oft and terit are compared and ift is smaller than terit then it can 
be said with 95% confidence that both groups are not statistically different. However, if t 
is larger than terib then it can be said with 95% confidence that both groups are statistically 
different and something other than random chance is causing this difference. 
9.1.3 Summary 
The first half of this chapter has detailed the experimental methodology and testing 
procedures for all the experiments. 
Using all the parameters described, one build was performed using each of the RAMs -
RAM A, RAM S, RAM C (5%, 3%, 2%, and 0.5%). RAM C 5% was the first of the RAM 
C series to be tested, and consequently this build was performed twice; once as a trial run 
to ensure the parameters used would allow sintering and then once as test build. The build 
procedure and results analysis was identical for each of these builds. 
The next half of this chapter details the results from the main experimental builds. The 
section starts with the experimental observations, before illustrating the measurements 
recorded during the experiments (powder bed hardness, pyrometer reading). Finally, the 
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results of the tensile and DSC testing are presented, followed by the final discussion of the 
chapter. 
9.2 Initial experimental observations from the main experiments 
During the experiments two main observations were made. These are documented below 
and their impact upon the overall results is described. 
9.2.1 Settling of pigment from RAM C 
The first observation within the experiments was that a small amount of pigment seemed to 
be settling from RAM C; this could be seen collecting at the bottom of each RAM 
container. This occurrence was presumed to be a result of the pigment settling from the 
suspension in which it was held. 
The effect of this became apparent when the mechanical properties of the two RAM C 5% 
builds were compared - see Figure 9.16, Figure 9.17 and Figure 9.18. 
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Figures 9.13 - 9.15 illustrate that, in all cases, the properties of the second build with RAM 
C 5% are substantially lower than the first. It is thought that this is a result of RAM C 5% 
remaining in the machine between each build for two days and pigment settling from the 
fluid. As a result of this, the trial run, RAM C 5% (I) is used in the results section and 
RAM C 5% (II) will no longer be used. Furthermore, the absence of a result for tensile 
specimen RAM C 5% (1) IF is due to it breaking prematurely in the tensile machine. 
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9.2.2 Fragile parts manufactured using RAM B 
The final observation that was made was that the parts manufactured with the pigmentless 
fluid, RAM B, were very fragile and were therefore unable to be tested on the Zwick 
tensile test machine. 
The fragility of the parts illustrated that when considering RAM A and C, the energy 
absorption, and therefore sintering of Duraform P A, must be due to the addition of the IR 
absorbing pigments to the fluids. Furthermore, it seems likely that the partial sintering of 
the parts made using RAM B, may have been due to the small energy absorbing properties 
of the fluid which was illustrated in Figure 7.6. This was suggested due to the printed 
areas sintering partially more than the surrounding powder. 
The next section now details the thermal measurements taken during the experiments and 
the results from the remaining builds. 
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9.3 Results from the main set of builds 
This section begins by illustrating the thermal measurem~nts and repeatability of the 
experimental powder recorded and collected throughout all the experimental builds. It 
then proceeds to document the mechanical properties of the parts manufactured whilst 
employing the methodology presented in the first half of the chapter. The physical 
properties of all parts are then discussed in the penultimate section before moving onto 
discussion of the results. 
9.3.1 Measurements taken during experiments 
9.3.1.1 Measurements taken before building 
Experimental powder 
Statistical analysis of the experimental powder was performed by investigating whether 
there were any statistical differences between the average heat of melting and average melt 
point of the polymer powder used in the experimental builds on the HSS machine. The 
statistical data is illustrated in Table 9.4, Table 9.5 and Table 9.6. The results show that 
when considering average melt point, F is found to be smaller than F crit and therefore it can 
be stated that with 95% confidence that the average melt point of all powder used was 
statistically similar. However, when considering the average heat of melting, the initial 
statistical analysis found that the difference between the variances of the data set were too 
large and therefore did not comply with the rules of applying ANOV A. 
Overall, the results show that when considering the average melt point of the experimental 
powders, that all powders were statistically similar. This therefore provides confidence 
that experimental conditions were similar for all builds and that any differences found 
within the mechanical properties of parts were due to a change in RAM. 
Groups (in order Number within Sum of values Average Variance 
of manufadure) group 
RAM A 3 552.490 184.163 0.029 
RAMC5% 3 552.680 184.227 0.111 
RAMCO.5% 3 553.940 184.647 0.325 
RAMC2% 3 553.110 184.370 0.095 
RAMC 3% 3 553.430 184.477 0.073 
Table 9.4 • ANOV A calculations: analysis of average melt temperature of Duraform PA 
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ANOVA TABLE 
Source of Sum Degrees of Means F Fcrit 
variation squared freedom squared 
Between groups 0.453 4 0.113 0.90 3.48 
Within group 1.265 10 0.127 
Total 1.718 14 
Table 9.5 - ANOV A results: analysis of average melt temperature of Ouraform PA 
Groups (in order Number within Sum of values Average 
of manufacture) group 
RAM A 3 309.590 103.197 
RAMC5% 3 308.150 102.717 
RAMCO.5% 3 256.500 85.500 
RAMC2% 3 272.300 90.767 
RAMC3% 3 297.090 99.030 
Table 9.6: ANOV A calculations: analysis of heat of melting of Ouraform PA 
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9.3.1.2 Measurements taken during building 
Printhead readings 
Figure 9.19 illustrates the printhead temperature throughout each build. The results show 
that as the build starts, the temperature of the printhead slowly rises to a plateau. The 
temperature is then reasonably steady throughout the rest of the build. 
ANOV A was then used to analyse whether there was any significant difference between 
the data collected during each of the builds; wherein the results are shown in Table 9.7 and 
Table 9.8. The test found that as there was no significant difference between the data 
collected from each build, and consequently, it can be assumed that the printhead 
temperature remained the same throughout the build. Furthermore, this provides some 
evidence that the same thermal conditions were present throughout all builds. 
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Groups (in order Number witbin Sum of values Average Variance 
of manufacture) group 
RAM A 12 419.000 34.917 0.463 
RAMC 5% 12 413.900 34.492 0.303 
RAM C 0.5% 12 409.500 34.125 0.640 
RAMC2% 12 410.500 34.208 0.526 
RAMC 3% 12 410.500 34.208 0.659 
RAMB 12 412.500 34.375 0.129 
Table 9.7 - ANOVA calculations: analysis of print bead temperatures 
ANOVATABLE 
Source of Sum Degrees of Means F Fcrit 
variation squared freedom squared 
Between groups 5.090 5 1.018 2.24 2.24 
Within group 29.929 66 0.453 
Total 35.019 71 
Table 9.8 - ANOV A results: analysis of printhead temperatures 
Pyrometer readings 
Figure 9.20 illustrates the pyrometer readings taken during all the experimental builds. 
The results illustrate that the pyrometer readings sit approximately between 172 and 
173°C. Again, ANOVA was used to investigate whether there was any significant 
difference between the pyrometer readings taken during each experimental build and the 
results are illustrated in Table 9.9 and Table 9.10. 
The results found that when all the pyrometer readings from each build were considered, 
the variation was large enough to assume that not all builds were performed under the 
same conditions. However, through analysis of Figure 9.20, the results show that it is 
likely that the pyrometer readings recorded during building of RAM CO.5% may have 
caused failure of the ANOV A tests. Furthermore, during recording of the pyrometer data, 
it was noted that the value on the screen changed relatively quickly. It is therefore likely 
that human error may have affected these results and been a factor in the failure of the F 
test. Overall. Figure 9.20 demonstrates that builds were generally performed with a part 
bed temperature between 172 and 173°C. 
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Figure 9.20 - Pyrometer readings 
Group (in order Number within Sum of values Average Variance 
of manufacture) group 
RAM A 12 2070.300 172.525 0.057 
RAM 5% 12 2071.200 172.600 0.156 
RAMCO.5% 12 2064.700 172.058 0.088 
RAM 2% 12 2072.500 172.708 0.117 
RAMC3% 12 2072 .200 172.683 0.140 
RAMB 12 2072.100 172.675 0.144 
Table 9.9 - ANOVA calculations: analysis ofpyrorneter readings ' 
ANOVA TABLE 
ource of 
urn squared Degrees of Means F Fcrit 
ariation freedom squared 
Bet> e n group 3.635 5 0.727 6.22 2.35 
Within group 7.720 66 0.117 
Total 11.355 71 
Table 9.10 - ANOVA results: analysis ofpyrorneter readings 
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9.3.1.3 Measurements taken after building 
Part bed hardness 
Part bed hardness was used to indicate whether there was any significant difference 
between the hardness of part beds produced from each of the RAM builds. Due to the loss 
of heat through the walls of the part bed it was found that these areas possessed powder 
much softer than the areas in which parts were built. As a result, it was decided to test the 
part bed hardness in the region that the HSS parts were built, this specific region is further 
highlighted in Figure 9.21 wherein the red areas represent the region in which the data was 
used. 
Figure 9.21 - Part bed hardness data used in statistical testing 
Figure 9.22 illustrates the average powder bed hardness within the region of the bed in 
hich the parts wer manufactured. The results illustrate that all measurements lie 
b twe n 79 and 99 units as normally observed within HSS. 
Tabl 9.11 d monstrates initial ANOVA analysis for part bed hardness. However, Table 
9.11 demon trates that for ANOV A, the differences between the calculated variances are 
t larg and therefore do not comply with the ANOV A assumptions of similar variance. 
Furth r anal si of the data in Figure 9.22 therefore demonstrates that average part bed 
hardn i b tween 90 and 100 units and therefore the results indicate that the part bed 
a imilar throughout builds. 
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Figure 9.22 - Average powder bed hardness within the manufacturing region 
Groups (in order Number within Sum of values Average Variance 
of manufacture) group 
RAM A 15 1422.000 94.800 1.600 
RAMC5% 15 1360.000 90.667 4.667 
RAMCO.5% 15 1386.000 92.400 3.400 
RAMC2% 15 1395.000 93.000 1.429 
RAMC3% 15 1378.000 91.867 3.695 
RAMB 15 1373.000 91.533 0.981 
Table 9.11 - ANOV A calculations: analysis of part bed hardness 
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9.3.2 Mechanical properties of HSS parts 
9.3.2.1 Stress Strain plots 
Figure 9.23 - Figure 9.27 illustrate the stress-strain plots obtained from the tensile test 
specimens that were manufactured using each different RAM. Each mechanical property: 
Elongation at Break, Ultimate Tensile Strength and Elastic Modulus was obtained from the 
stress-strain plots presented within this section. Elongation at Break was determined via 
the most extreme X-axis point of each plot line, Ultimate Tensile Strength from the most 
extreme Y-axis point and finally, Elastic modulus from the gradient each line between the 
strain values of 0.05% and 0.25%. 
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Figure 9.23 - Stress strain data: RAM A 
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Figure 9.25 - Stress strain data: RAM C3% 
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Figure 9.26 - Stress strain data: RAM C2% 
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Figure 9.27 - Stress strain data: RAM CO.S% 
161 
9.3.2.2 Elongation at break 
Figure 9.28 illustrates the Elongation at Break of parts manufactured with RAM A and 
RAM C (5, 3, 2 and 0.5%). Furthermore, RAM B is not included in the following figures 
as the parts were too fragile to obtain mechanical data. The results illustrate that when 
using RAM A, the parts exhibit an average EaB of 7.7% with a standard deviation of 0.5%. 
The results also illustrate that the parts manufactured using RAM C (5, 3, 2 and 0.5%) 
exhibit an average EaB of 6.3%, 5.3%, 4.9% and 2.7% with a standard deviation of 0.6%, 
0.4% 0.4% and 0.2% respectively . . 
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Figure 9.28 - Elongation at break of tensile test specimens manufactured using 
RAM A, RAM B and RAM C (5, 3, 2 and 0.5%) 
Each set of data was also compared statistically using the t-test. This was performed to 
determine whether the elongation at break of each set of parts manufactured using each 
RAM as statistically different from the next. The data and subsequent results of this 
anal i can be seen in Table 9.12, Table 9.13, Table 9.14, Table 9.15, and Table 9.16. 
Th r ults show that, apart from the comparison between RAM C 3% and 2%, each set of 
data i ignificantly different from each other. Overall, this suggests that in general, the 
amount of en rgy absorbed by each RAM is different enough to produce a significant 
diffi r nc b tween the levels ofEaB found within the parts. 
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Note, the differences in t (test statistic) values in Table 9.16 are due to the number of 
tensile specimens in each sample. For example, RAM C 5% has only five samples, 
whereas the others have six. This is also reflected in Table 9.21 and Table 9.26 
Statistical calculations RAM A (Group I) RAM CS% (Group 2) 
Mean 7.74 6.26 
Degrees of freedom 5 4 
Variance 0.242 0.403 
Table 9.12 - Statistical calculations comparing RAM A to RAM CS% 
Statistical calculations RAM CS% (Group I) RAM C3% (Group 2) 
Mean 6.26 5.32 
Degrees of freedom 4 5 
Variance 0.403 0.127 
Table 9.13 - Statistical calculations comparing RAM CS% to RAM C3% 
Statistical calculations RAM 3% (Group I) RAM C2% (Group 2) 
Mean 5.32 4.93 
Degrees of freedom 5 5 
Variance 0.127 0.162 
Table 9.14 - Statistical calculations comparing RAM C3% to RAM C2% 
Statistical calculations RAM C2% (Group 1) RAM CO.S% (Group 2) 
Mean 4.93 2.65 
Degrees of freedom 5 5 
Variance 0.161 0.050 
Table 9.15 - Statistical calculations comparing RAM C2% to RAM CO.S% 
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Compnison t Inequality terit Outcome of t test betweens RAMs direction 
The difference between the EaB ofHSS parts 
manufactured using RAM A and RAM C5% 
A C5% 4.36 > 2.26 is significant. This therefore indicates that for 
these RAMs, a change in RAM causes a 
significant change to the EaB of parts. 
The difference between the EaB ofHSS parts 
manufactured using RAM C5% and RAM 
C5% C3% 3.14 > 2.26 C3% is significant. This therefore indicates that for these RAMs, a change in the amount 
of pigment causes a significant change to the 
EaB of parts. 
The difference between the EaB of HSS parts 
manufactured using RAM C3% and RAM 
C3% C2% 1.76 < 2.23 
C2% is not significant. It can therefore be 
stated that for these RAMs, a change in the 
amount of pigment does not cause a 
significant change to the EaB of parts. 
The difference between the EaB of HSS parts 
manufactured using RAM C2% and RAM 
C2% CO.5% 12.14 > 2.23 
CO.5% is significant. This therefore indicates 
that for these RAMs, a change in the amount 
of pigment causes a significant change to the 
EaB of parts. 
Table 9.16 - t and tcrlt values for EaB 
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9.3.2.3 Ela tic Modulus 
Figur .2 illu trat s the Elastic Modulus of the tensile test specimens manufactured with 
RAM and RAM (5, 3, 2 and 0.5%). The average value for the EM of parts 
manufa tur d with RAM A lies at 2716.8 MPa and the standard deviation of the data, 
153. MPa. The r sult also illustrate that the parts manufactured using RAM C (5, 3, 2 
and 0.5%) po an a erage EM of 979.4MPa, 606.5MPa, 437.lMPa and 158.lMPa with 
a tandard d iation of 85.9MP A 59.7MPa, 58.2MPa and 29.3MPa respectively. 
Figur .2 al 0 illustrates a very large difference between the values of EM for RAM C 
5%andRAMA. 
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Figure 9.29 - The elastic modulus of tensile test specimens manufactured using 
RAM A, RAM B and RAM C (5, 3, 2 and 0.5%) 
h t-t t as u d to in estigate whether the values of elastic modulus were statistically 
a h RAM build. The data and subsequent results of this analysis can be 
.17 Table 9.18 Table 9.19, Table 9.20 and Table 9.21. 
Th r ult £ und that the values of EM were significantly different for each different 
uild. gain thi illustrates that the addition of more pigment and therefore 
d n rg ab orption had a significant effect on part properties. 
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Statistical calculations RAM A (Group 1) RAM C5% (Group 2) 
Mean 2716.82 979.44 
Dearees of freedom 5 4 
Variance 2368l.940 7378.093 
Table 9.17 - Statistical calculations comparing RAM A to RAM C5% 
Statistical calculations RAM C5% (Group 1) RAM C3% (Group 2) 
Mean 979.44 606.52 
Dearees of freedom 4 5 
Variance 7378.093 3564.494 
Table 9.18 - Statistical calculations comparing RAM CS% to RAM C3% 
Statistical calculations RAM 3% (Group 1) RAM C2% (Group 2) 
Mean 606.52 437.07 
Dearees of freedom 5 5 
Variance 3564.494 339l.051 
Table 9.19 - Statistical calculations comparing RAM C3% to RAM C2% 
Statistical calculations RAM C2% (Group 1) RAM CO.S% (Group 2) 
Mean 437.07 158.08 
Dearees of freedom 5 5 
Variance 3391.051 855.462 
Table 9.20 - Statistical calculations comparing RAM C2% to RAM CO.S% 
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CompniSOD t Inequality terlt Outcome of t test betweens RAMs direction 
The difference between the EM of HSS parts 
manufactured using RAM A and RAM C5% 
A C5% 22.38 > 2.26 is significant. This therefore indicates that 
for these RAMs, a change in RAM causes a 
significant change to the EM of parts. 
The difference between the EM of HSS parts 
manufactured using RAM C5% and RAM 
8.49 2.26 C3% is significant. This therefore indicates C5% C3% > that for these RAMs, a change in the amount 
of pigment causes a significant change to the 
EM of parts. 
The difference between the EM of HSS parts 
manufactured using RAM C3% and RAM 
C2% 4.98 > 2.23 C2% is significant. This therefore indicates C3% that for these RAMs, a change in the amount 
of pigment causes a significant change to the 
EM of parts. 
The difference between the EM of HSS parts 
manufactured using RAM C2% and RAM 
C2% CO.5% 10.49 > 2.23 
CO.5% is significant. This therefore indicates 
that for these RAMs, a change in the amount 
of pigment causes a significant change to the 
EM of parts. 
Table 9.11- t and terlt values for EM 
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9.3.2.4 Inmate Ten ile Strength 
Figur .30 illu trates the Ultimate Tensile Strength of the tensile test specimens 
manufa tur d with RAM A and RAM C (5, 3, 2 and 0.5%). 
Th r ult illu trated that in the case of RAM A the average value of UTS was 46.lMPa 
with a tandard de iation of 0.8MPa. The results also illustrate that the parts manufactured 
u ing RAM 5, 3 2 and 0.5%) exhibit an average UTS of 19.6MPa, 9.8MPa, 7.8MPa 
and 2.2MPa with a standard deviation of 2.0MP A, 1.0MPa, 1.0MPa and 0.2MPa 
Again, a large difference can be seen between the UTS of parts made with 
RAM 
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Figure 9.30 - The ultimate tensile strength of tensile test specimens manufactured using 
RAM A, RAM B and RAM C (5, 3, 2 and 0.5%) 
gam th t-t t a used to investigate whether the values of UTS were statistically 
h RAM build. The data and subsequent results of this analysis can be 
.22, Tabl 9.23 Table 9.24, Table 9.25 and Table 9.26. 
Th r ult £ W1d that UTS was also statistically different across all its builds. This again 
ignificant effect of increased pigment causing increased energy absorption 
ed mechanical properties. 
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Statistical calculations RAM A (Group 1) RAM C5% (Group 2) 
Mean 46.19 19.65 
Dearees of freedom 5 4 
Variance 0.615 3.910 
Table 9.11 - Statistical calculations comparing RAM A to RAM CS% 
Statistical calculations RAM C5% (Group 1) RAM C3% (Group 2) 
Mean 19.65 9.81 
Decrees of freedom 4 5 
Variance 3.910 1.012 
Table 9.13 - Statistical calculations comparing RAM C5% to RAM C3% 
Statistical calculations RAM 3% (Group 1) RAM C2% (Group 2) 
MeaD 9.81 7.78 
Decrees of freedom 5 5 
Variance 1.012 1.088 
Table 9.14 - Statistical calculations comparing RAM C3% to RAM C2O/o 
Statistical calculations RAM C2% (Group 1) RAM CO.5% (Group 2) 
Mean 7.78 1.96 
Decrees of freedom 5 5 
Variance 1.088 0.055 
Table 9.15 - Statistical calculations comparing RAM C2% to RAM CO.5% 
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Comparison t Inequality terll Outcome of t test MtweeDsRAMs direction 
The difference between the UTS ofHSS parts 
manufactured using RAM A and RAM C5% is 
A C 5°'0 30.39 > 2.26 significant. This therefore indicates that for 
these RAMs, a change in RAM causes a 
significant change to the UTS of parts. 
The difference between the UTS ofHSS parts 
manufactured using RAM C5% and RAM C3% 
C 5~o e 3°'0 10.71 > 2.26 
is significant. This therefore indicates that for 
these RAMs, a change in the amount of 
pigment causes a significant change to the UTS 
of parts. 
The difference between the UTS ofHSS parts 
manufactured using RAM C3% and RAM C2% 
e 30 0 e 2°0 3.44 > 2.23 
is significant. This therefore indicates that for 
these RAMs, a change in the amount of 
pigment causes a significant change to the UTS 
of parts. 
The difference between the UTS ofHSS parts 
manufactured using RAM C2% and RAM 
C 20/0 C o.~oo 13.32 > 2.23 CO.5% is significant. This therefore indicates that for these RAMs, a change in the amount of 
pigment causes a significant change to the UTS 
of parts. 
Table 9.26 - t and tcrll values for UTS 
The data contained \\<ithin Figure 9.28, Figure 9.29 and Figure 9.30 is used later in Chapter 
9 to investigate whether there is a correlation between EA V and mechanical properties. 
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th 
an 
th 
Ph i at pr pertie of HSS parts 
th m It region of the DSC traces that were collected by analysing 
im n that er manufactured using each RAM. The raw data from these 
an £ und wi thin Appendix F. Each trace is an average of three readings, 
btain d fr m amples taken from each vertically positioned specimen (see 
r ,th da h d bo es labelled 1, 2 and 3, relate to the different crystalline melt 
ing 
finall 
In 
ample. In this situation, number I relates to the core peak; the 
i n r maining within the unsintered particle cores, number 2 relates to the 
talline regions formed during solidification of the coalesced melt, 
numb r hich is only found in two traces, is thought to be a second 
ale id nce currently exists regarding the origin ofthis 3rd peak. 
illu trat that as the amount of pigment found within RAM C increases, 
PH) within the DSC trace decreases. Furthermore, RAM A has a 
II RAM part. These results therefore indicate that as more pigment 
th amount of energy absorbed increases, thus, Degree of Particle 
n qu ntl the size of the core peak remaining within each particle 
Temperature ("C) 
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Figure 9.31 - Average DSC traces of melt peak 
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igur 9. 2 illu trates the average and range of core peak heights of the three DSC traces 
for each RAM. The image clearly shows a reduction in core peak height as the pigment 
p r ntag incr ases for RAM C and a further reduction when RAM A is assessed. 
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Figure 9.32 - DSC core peak height 
h data c II cted has also been processed using the t-test to determine whether there is 
an tati tical differ nce between the core peak height of DSC traces produced from 
f ach H S build with each RAM. The data and subsequent results of this 
anal i an b n in Table 9.27, Table 9.28, Table 9.29, Table 9.30 and Table 9.31. 
Th tati ti al r uIts illustrate that between RAM A and RAM C 5% and RAM C 2% and 
RAM 0.5% a tati tical difference has been found between their core peak heights. The 
r maining omparisons found no statistical difference, thus indicating that a large 
m n rgy absorption is needed to produce a significant effect on core peak 
h ight. 
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Slatilial nkulatioas RAM A (Group 1) RAM CS% (Group 2) 
MeaD 0.50 0.80 
Deana or rreedom 2 2 
VarUD« 0.0013 0.0044 
Table 9.17 - Statistical calculations comparing RAM A to RAM CS% 
Statiltal nkulatioos RAM CS°;' (Group 1) RAM C3% (Group 2) 
MeaD 0.80 0.94 
Deana or rreedom 2 2 
VarUB« 0.0044 0.0121 
Table 9.18 - Statistical calculations comparing RAM CS% to RAM C3% 
Statiltal nkulatioDs RAM 3% (Group 1) RAM C2% (Group 2) 
MeaD 0.94 0.98 
Deana or f'reedom 2 2 
VarUD« 0.0121 0.0019 
Table 9.19 - Statistical nlculations comparing RAM C3% to RAM C2% 
Statistical nkulatioos RAM C2Ofo (Group 1) RAM CO.S% (Group 2) 
Meao 0.98 1.63 
Deana or f'reedom 2 2 
Variao« 0.0019 0.0336 
Table 9.JO - Statistical calculatioos comparing RAM C2% to RAM CO.S% 
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Co.parilo. Inequality 
~'",u • direction tcrlt Outcome of t test RAMs 
i The difference between the CPH of HSS parts 
I 
manufactured using RAM A and RAM C5% is 
A C ~o. 6.94 > 2.78 significant. This therefore indicates that for these 
I RAMs, a change in RAM causes a significant 
I 
change to the CPH of DSC traces created from 
samples of these parts. 
I , 
The difference between the CPH of HSS parts 
manufactured using RAM C5% and RAM C3% is 
C ~o. C 3°. 1.88 < 2.78 not significant. It can therefore be stated that for these RAMs, the change in the amount of pigment 
i does not cause a significant change to the CPH of 
DSC traces created from samples of these parts. 
The difference between the CPH of HSS parts 
manufactured using RAM C3 % and RAM C2% is 
e 3°. I C .,. O.~4 < 2.78 not significant. It can therefore be stated that for • • these RAMs, the change in the amount of pigment 
does not cause a significant change to the CPH of 
DSC traces created from samples of these parts. 
The difference between the CPH of HSS parts 
manufactured using RAM C2% and RAM CO.5% 
~.98 > 2.78 is significant. This therefore indicates that for e 2°. e o.~·o these RAMs, a change in the amount of pigment 
causes a significant change to the CPH of DSC 
traces created from samples of these parts. 
Table 9.31 - t and tcrlt values for CPU 
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9.4 DlscussioD 
1be majority of this chapter has focussed on documenting the experimental methodology 
for the HSS based experiments. covering issues such as thermal parameters for the HSS 
machine and specimen testing procedures. 
1be chapter then proceeded to discuss the experimental observations. This section began 
by illustrating that when two sequential builds were performed using RAM C 5%, the 
mechanical properties of the first set of tensile specimens were significantly higher than 
the second. This was thought to be a consequence of pigment settling from the fluid and 
was observed at a macroscopic level. The same problem was not observed within RAM A. 
This is an imponant manufacturing observation thus indicating RAM C is not yet 
sufficiently developed for use within HSS. 
The experimental observations also illustrated that when using RAM B (the pigmentless 
RAM). only \'Cr)' fragile parts were produced, therefore illustrating its low absorption 
properties, Furthermore. this result also illustrated that it is the addition of IR absorbing 
pigments to RAMs A and C that enables sufficient energy absorption from the lamp to 
sinter the undcrlying nylon particles. 
The mechanical properties produced from each of the RAMs were then analysed and a 
number of interesting characteristics were found. Firstly, for all mechanical properties the 
general trend was that as the percentage of pigment within RAM C increased, so did the 
mechanical properties. Fwthennore. the mechanical properties of RAM A were 
consistently higher than RAM C. Statistically analysing the results using ANOV A also 
illustrated that. apart from one case, all the sets of data were statistically different. This 
therefore illustrated that a significant change in mechanical properties was achieved with a 
small percentage increase in the amount of pigment. 
The DS(' analysis also provided a number of interesting results which backed up the 
tensile test results. Firstly. as the percentage of pigment increased within RAM C the DSC 
trace core peak height reduced and continued to reduce when considering RAM A. The 
results suggest that as the amount of pigment within each RAM increases, more energy is 
being ahS(lrhcd and more melting of the Nylon-12 particles is occurring. This further 
corroborates the mechanical properties results, wherein a decrease in core peak height 
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increases the amount of coalescence of polymer melt during sintering. This therefore leads 
to increased mechanical propenies. This trend was also observed within SLS. 
The remainin[l findin[l \\ithin the DSC analysis was the existence of three peaks within the 
DSC traces of RAM A and RAM C 5%. As this is the frrst time this has ever been 
reported. no literature has been found which supports this result. Chapter 11 suggests 
possible reasons for their existence and documents possible research to investigate the 
phenomenon further" 
Finally. o\"erall this chapter has shown that indeed both pale and black RAMs can be used 
to sinter HSS J'8I1s: therefore illustrating that it is not the colour of the RAM that denotes 
the successfulness of sintering; in fact, it suggests that it is how well the range of 
wavelengths that the RAM absorbs matches the range of wavelengths emitted from the 
radiant source" 
Chapter 10 now investigates the correlation between the mechanical properties (EM, EaB 
and UTS). core peak height and EA V. 
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Chapter 10 
An investigation into the correlation between 
the EA V model and the mechanical and 
physical properties of the HSS parts 
Following on from the work performed in the previous four experimental 
chapters. the EA V model will now be evaluated to determine its 
correlation with the mechanical and physical properties of the tensile test 
specimens. 
Initially. the Elongation at Break, Ultimate Tensile Strength and Elastic 
Modulu.~ of each of the tensile test specimens are compared with the 
£,4 J 'J of each RAM and powder combination. Their correlations are 
discussed before proceeding to determine the correlation between DSC 
Core Peak Height and EA V. 
The work presented in this chapter and the thesis as a whole has 
dew/oped a number of areas of investigation for further work. The main 
area o.ffurlher work centres upon the development of the EA V model into 
a more robust predictor of mechanical properties. This is discussed in 
('hapter J J along with the final conclusions. 
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10.1 CorrelatioD betweeD EA V aDd the mechanical properties of HSS parts 
In order to test the hypothesis that a rise in EAV produces a rise in energy absorption and 
therefore a corresponding increase in mechanical properties, the EA V values have been 
compared \\;th tensile data. To compare EA V to the mechanical properties a different 
statistical tool was used. as described below. 
I 0.1.1 Statisti~al aDalysis 
This chapter makes use of a mathematical tool known as the correlation co-efficient (R2), 
to investigate the relationship between EA V and the mechanical properties (EaB, UTS, 
EM). There are a variety of methods for calculating R2 (for example, the Pearson's 
product moment). In each of these methods, R2 will always be quoted to be in the range of 
-1 to 1. If R2 is zero for two variables, then this indicates that there is no relationship 
between them. whilst -lor + 1 indicates a perfect negative or positive relationship. In 
practice. real world data sets tend to produce correlation coefficients with absolute values 
between 0 and 1. Furthermore, it is generally accepted that 0.9 or higher represents a 
strong correlation between two variables. 
The particular implementation of R2 used in this thesis is the one produced by Microsoft 
Excel (version 2(03). This allows the calculation of R2 using a variety of different fitting 
functions. including linear, exponential and polynomial functions. In each case, several 
functions were investigated and the function which produced the highest R2 value was 
selected. For each mechanical property and DPM, this chapter therefore presents the 
function that best tits the data. However, it is also pertinent to note that the curves applied 
to the data are only a "best fit' and therefore further work is required, with larger data sets, 
to prove whether these curves correctly represent the relationship between EA V and each 
mechanical property. 
This section now proceeds to determine the correlation between mechanical properties and 
EA V using the statistical tool described above. 
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10.1.2 Correlation between Elongation at Break and EAV 
Figure 10.1 begins by comparing the Elongation at Break of the tensile test specimens 
manufactured \\ith RAM A and RAM C (5, 3, 2 and 0.5%), to the corresponding EAV's 
which were calculated in Chapter 8. Figure 10.1 also illustrates a dashed red line at 
2.85. I 0·7W.m·2 This line illustrates the maximum EAV possible with the experimental 
parameters and was calculated in Chapter 7. This line is also illustrated in Figure 10.3 and 
Figure 10.4. 
The results show that an increase in EA V leads to an increase in EaB of the HSS parts. It 
is therefore suggested that an increase in EaB is likely to be caused by an increase in 
sintering. a relationship also found within SLS, wherein an increase in Energy Density 
leads to an increase in EaB. 
Furthennore. using the statistical techniques described previously, the results indicate that 
there is a strong linear correlation between EAV and elongation at break, with an R2 value 
of 0.92. The equation of the line of best fit is also illustrated on the graph. 
Figure 10.1 also indicates that in all cases, an increase in EaB is a result of an increase in 
the EA V. thus caused by a change in spectral emissivity of each RAM. More explicitly, 
the results indicate that a change in pigment type has little obvious effect upon the change 
in EaB of parts. Finally. these results also indicate that the visual colour of the RAM has 
no effect upon the EaB of HSS parts. 
Literature presented in Section 3.2 (Effects of polymer structure on material properties) 
commented that an increase in crystallinity within a polymer leads to an increase in 
strength and stiffness of a polymer material, but also, an increase in a material's brittleness. 
It was therefore of interest to this work to determine the relationship between mechanical 
properties and percentage crystallinity of samples. This relationship is examined in Figure 
10.2. 
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Overall. these results illustrate the first significant link between mechanical properties, in 
this case. Elongation at Break and EAV. The results demonstrate the effectiveness of the 
EA V to firstly determine a theoretical amount of energy absorbed by the part and then 
form a strong correlation with EaB. 
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10.1.3 CorrelatioD betweeD Elastic Modulus aDd EAV 
Figure 10.3 illustrates the correlation between the Elastic Modulus of the tensile test 
specimens and the EA V for each RAM. The trend line of the data was found to be best 
expressed using an exponential function; this in turn produced a high R2 value of 0.94. 
Firstly. Figure 10.3 demonstrates an overall trend which indicates that an increase in EA V 
produces an increase in EM of HSS parts. This is thought to be a result of an increase in 
EA V causing an increase in melting and subsequently, an increase in the coalesced regions 
within a HSS part. An increase in coalesced regions (degree of sintering) therefore 
produces an increase in mechanical properties of HSS parts. This relationship is also 
found \\;thin SLS wherein an increase in ED, and subsequently degree of sintering, gives 
rise to an increase in EM. 
When compared to Figure 10.1, Figure 10.3 demonstrates the use of a different trend line. 
There are a number of reasons why an exponential function could have provided the best 
fit here. One is that there could truly be an exponential relationship between these 
variables. but a second is that an extraneous variable could have affected the EM for RAM 
A. This is a carbon based RAM and as discussed previously, the addition of carbon to the 
part could be increasing the parts' stiffness more so than the pigment found with RAM C. 
This observation highlights the possibility that for this mechanical property, the data may 
not belong together. Consequently, the work illustrates that it may be appropriate to 
produce separate trend lines for different RAMs. However, it was found that if a trend line 
is applied to just the RAM C data, the best R2 value is still produced when an exponential 
function is used to model the line. 
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10.1 Correlation between EAV and CPH 
The work perfonned by Zarringhalam et al60•77 illustrated a strong correlation between core 
peak height and tensile properties within SLS. Therefore, it was of interest to extend this 
work further into HSS and investigate the core peak height's relationship to EAV. 
The size of the core peak on a DSC plot is a quantitative representation of the unmelted 
material remaining within powder particles of SLS parts. This size of the remaining 
particle core is a direct result of the amount of energy received by the nylon particles 
during sintering77• Therefore, in this situation it was of interest to identify any relationship 
between EA V and core peak height. This is important because as EA V is a relative 
calculation of the amount of energy absorbed by HSS parts, it would be expected that a 
strong inverse correlation between itself and core peak height would be found. 
Figure 10.5 illustrates the correlation between core peak height with EAV. For core peak 
height and EA V the results demonstrate a defInite linear relationship with an R2 value of 
0.94. The results show that as the EAV increases, more melting is occurring thus resulting 
in smaller core peak heights. For example, at high EAVs a low core peak height is found 
and at low EA V s. high core peak heights are found. This provides further evidence that 
EA V has a strong relationship between the theoretical and actual amount of energy 
absorbed by the HSS RAMs and consequently the Duraform PA powder. 
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10.3 Discussion 
This chapter has demonstrated that strong correlations exist between the calculated EA V 
values and all the mechanical properties obtained from the tensile specimens. 
Furthennore, it has also been shown that a strong correlation exists between EA V and the 
core peak height observed upon DSC traces obtained from testing of the DSC specimens. 
These findings confinn the usefulness of EA V as an analysis tool within HSS and that 
analysis of the spectral absorption of the RAMs provided a good indication of the relative 
energy absorptions of each RAM. Furthennore, it has shown that EA V could be used to 
initially select suitable RAMs for HSS. Conversely, it has also been noted that further 
work, with larger data sets needs to be perfonned to increase the confidence that the 
correct function of the lines of best fit was selected for each comparison between EA V and 
mechanical property. 
The work perfonned has verified the initial idea, wherein it has been shown that it is 
possible to use the spectral absorptions of the RAMs and spectral emission of the lamp to 
indicate a relative measure of how well each RAM will absorb energy within the HSS 
process. In addition, it has then been shown that the second idea, wherein it was suggested 
that an increase in EA V would lead to an increase in mechanical and physical properties of 
HSS parts has also held true. 
Furthennore, the level of correlation between EA V and mechanical properties corroborates 
with ideas identified within literature. Here it was found that with an increase in spectral 
emissivity of a composite powder, an increase in temperature was attained. Literature 
from polymer science then indicated that with an increase in surface temperature of a 
polymer powder, an increase in sintering is found, which then results in an increase in 
mechanical properties. 
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Chapter 11 
Conclusions 
This chapter presents the conclusions from the work performed within 
this thesis. It begins by summarising the work performed and then 
proceeds to document the main findings and industrial applications of 
the work. 
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11.1 Introduction 
In 2003, Hopkinson and Erasenthiran developed the concept behind a new layer 
manufacturing process called High Speed Sintering102. They found that in practical 
experiments, the addition of carbon black powders to Duraform P A increased the degree of 
sintering when powders were irradiated by a NIR lampl02. This work formed the basis of a 
patent application, which was filed in July 200348. Further work within the period 2003 to 
2005 resulted in a working HSS machine as highlighted in Figure 2.15. This machine was 
developed using a carbon black based RAM, and has been successful in manufacturing a 
wide selection of HSS parts as illustrated in Figure 2.16. 
Following on from this initial work, it was suspected that different RAMs could be used in 
the HSS process. However, no selection procedure for such RAMs had been established. 
Consequently, research presented in this thesis was commissioned by the EPSRC and Xaar 
to investigate procedures for the selection of new RAMs for HSS. The research aimed to 
identify the main factors which determined the effectiveness of RAMs in HSS, and using 
this understanding, to establish a method by which the suitability of new RAMs for HSS 
could be determined. 
As a central idea to this method, literature presented within Chapter 4 identified that for 
effective absorption of IR energy, the spectral emission of a radiant source must match the 
spectral emissivity of the irradiated material87. Research was then also identified which 
demonstrated that in practical applications, the spectral irradiance of a medium wave, as 
opposed to a short wave IR lamp, is better matched to the spectral emissivities of a number 
of polymers89. Consequently, polymers are quickly heated through the application of 
thermal energy from medium wave IR lamps, and more slowly, when irradiated by short 
wave IR lamps89. 
Further literature then demonstrated that the spectral emissivity of a polymer material 
could be improved through the addition of IR absorbers89. In a number of practical 
applications, the addition of the IR absorbers led to an increased rate of absorption of 
thermal energy from short wave IR lamps. In these cases increased absorption led to 
sintering or melting of the polymer within the composite samples when using a short wave 
IR lamp89. Furthermore, regions that had not received any IR additives remained as 
powders when irradiated with a short wave IR lamp. Consequently, by using radiation 
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from short wave IR lamps, a sintering discrimination could be obtained. Overall, the 
literature demonstrated that the spectral emissivity of the additive was therefore essential in 
achieving sintering of the polymer powder within the composite samples when using short 
wave IR lamps. 
The principles identified in the literature then led to a hypothesis that it should be possible 
to compare the spectral irradiance of the HSS IR lamp to the spectral emissivity of a RAM, 
thus providing an indication of how well matched these spectra are. Furthermore, with 
increased matching of the spectra, it was thought that increased energy absorption would 
occur and thus lead to an increase in the degree of sintering and consequently the 
mechanical and physical properties of the HSS parts. The comparison of spectra was 
proposed as a potential selection tool for future RAMs, due to the ease with which a 
RAM's spectral emissivity could be measured. This potential procedure could therefore 
enable the development of an offline tool by which new RAMs could be assessed; 
consequently negating the need for lengthy testing on an HSS machine. 
Evidence to support this potential assessment procedure was then gathered by investigating 
whether there was a relationship between how well spectra matched and the subsequent 
mechanical and physical properties of HSS parts. An approach for this work was laid out 
in Chapter 5 where a methodology for investigating this hypothesis was presented. 
Subsequent chapters then documented the experimental work that has been used to validate 
it. The rest of this chapter summarises the findings from these chapters, whilst Chapter 12 
discusses further work that has stemmed from these findings. 
11.2 Key findings 
In order to investigate the hypothesis outlined above, a theoretical value called the Energy 
Absorption Value (EA V) was defined. This value quantified how well the lamp and RAM 
spectra overlapped. Through experimental work, an EA V was calculated for a number of 
RAMs, but with the HSS lamp being used as a common reference. Subsequently, these 
RAMs were used to produce test parts on the HSS machine, which then allowed for an 
investigation into the relationship between EA V and the amount of energy absorbed by 
RAMs when used in the HSS process. The amount of energy absorbed by the RAMs was 
determined by measuring the mechanical properties and physical properties of the HSS 
parts. In summary: 
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• A strong correlation was found between EA V and the Elastic modulus, Ultimate 
Tensile Strength and Elongation at Break of the HSS parts manufactured using each 
RAM. More explicitly, it was found that as the EA V of a RAM increased, the 
mechanical properties of the parts manufactured using that RAM also increased. This 
finding suggests that as the EA V of a RAM increases, the amount of energy absorbed 
by the RAM in the HSS process also increases. The thermal energy is subsequently 
conducted into the underlying polymer particles during the HSS process and initiates 
sintering; wherein an increase in energy conducted to the Nylon-12 powder particles 
leads to an increase in the degree of sintering. This finding is consistent with literature 
presented relating to the Andrew's number. 
• A strong correlation was found between EA V and the Degree of Particle Melt of the 
HSS parts that were manufactured using each RAM. Again, more explicitly, it was 
found that as the EA V of a RAM increased, the Degree of Particle Melt within the HSS 
parts increased. This finding indicated that as the degree to which the spectra matched 
improved, the amount of energy absorbed by the RAM also increased. This then led to 
an increase in the amount of energy absorbed by the RAM and therefore an increase in 
the amount of melting occurring at the outer area of powder particles. 
Overall, the work has presented significant evidence that EA V is an effective tool to assess 
the suitability of RAMs for HSS. Further work may allow for the further refinement of the 
EA V model, and possibilities for development are summarised in chapter 12. 
11.3 Industrial applications of findings 
• The EA V model could be developed into tool by which RAMs could be tested for the 
suitability of their use in the HSS process. It is thought that the simple procedure 
presented within this work could be used by a lab technician to firstly determine the 
spectral emissivity of a RAM. Processing this data through the model would then 
allow an initial assessment of the suitability of the RAM for HSS. 
• An alternative use of the model would be to aid the selection of different IR lamps for 
use in the HSS process. This may be most appropriate when investigating the 
processing of different polymers for HSS. 
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• The visible colour of the RAM was shown not to be vital in determining whether it 
would be able to manufacture parts in the HSS machine. It is therefore suggested that 
future RAMs could be a variety of different colours. This has obvious commercial 
benefits as no other polymer sintering process has successfully created coloured parts. 
• The use of the Degree of Particle Melt has been previously suggested as a quality 
analysis tool for SLS60. Due to the strong correlation between EAV and DPM, it is 
also suggested that DPM could be used as a quality analysis tool in HSS. 
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Chapter 12 
Further work 
This chapter concludes by outlining a number of pieces of further work 
that could be performed to continue many aspects of the work. 
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12.1 Recommendations for further work 
The main focus of further work generated from this thesis should centre upon the 
development of the EA V model. In general, it is recommended that a number of studies 
should be perfonned to further refine the model. The following paragraphs describe each 
recommended study. 
12.1.1 Investigating the application of trend lines to RAMs 
Work presented in Chapter 10 indicated that for the relationships between UTS, EM and 
EA V, it was unclear whether all the data from the different RAMs could be represented 
using one trend line or whether individual trend lines were needed for each different RAM. 
To investigate this, it is suggested that various dilutions of RAM A are manufactured 
which would possess lower EA V s, possibly matching the EA V s of the RAM C fluids. 
. These new concentrations of RAM A should then be used to manufacture tensile and DSC 
specimens on the HSS machine and tested using the same procedures outlined in this 
thesis. 
It is suggested that the results of these tests will begin to indicate whether trend lines are 
required for each RAM or whether the data belongs together within the same trend line. 
This work should also be perfonned using RAMs with new IR pigments to further 
understand the relationships between EAV, EM, UTS and EaB. 
12.1.2 Investigating the existence of three melt peaks on the DSC traces 
Work perfonned in Chapter 9 illustrated the existence of three DSC peaks which were 
found when specimens made using RAM A and RAM C (5%) were analysed (Figure 9.31). 
Their presence within the DSC trace is not understood, however, a number of experiments 
are suggested below to detennine more infonnation: 
It is possible that the third peak within the DSC trace is a factor of the penetration depth of 
the RAM into each layer during manufacture. For example, in each lOOJ.lm powder layer, 
the printed RAM may only be penetrating each layer by 50J.lm. This situation creates two 
regions within each layer; one region which is a mix of RAM and powder, and another 
194 
region below this which is only powder. Therefore, it could be possible that three different 
crystal structures form within the material as it cools and crystallises. 
The extra crystal structure could be formed by crystals nucleating from the pigment 
particles. Due to the abundance of these nucleation sites, many small crystals may be 
forming and due to their small size, may melt at relatively low temperatures. This could 
explain the third peak found in the DSC trace. 
To investigate whether this hypothesis is true it is suggested that a senes of DSC 
specimens are manufactured using various layer thicknesses. It is thought that with thinner 
layer thicknesses «100f..lm), the further the RAM will penetrate into each layer and a its 
DSC trace should possess a higher third peak. Furthermore, if parts with larger layer 
thicknesses (> 1 OOf..lm) are manufactured, then each layer will contain a smaller percentage 
of RAM and if the hypothesis is correct, will contain smaller heights of the third DSC 
peak. 
12.1.3 Other further work 
The following bullet points list a number of further studies that has also been generated 
from this work. These are as follows: 
• F or further improvement of the absorption metric, it is first recommended that the 
experiments performed to determine the spectral irradiance of the IR lamp are repeated 
at least three times to gain further confidence in the readings and enable the application 
of an error to the EA V metric. It is also recommend that this procedure is repeated 
throughout a range of appropriate lamp power levels to further enhance the use of the 
absorption metric. This will enable increased accuracy in the EA V when processing at 
different lamp power levels and therefore supersede the methodology in this work 
wherein a scaling factor was applied to the lamp emissivity determined at 100% power 
rating. 
• Further validate the EAV metric using different RAMS. 
• Investigate whether Figure 10.2, Figure 10.3 and Figure 10.4 which illustrated EAV 
against each mechanical property could be used to predict the mechanical properties of 
HSS parts when manufactured using RAMs with specific EAVs. 
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• Investigate the effect of lamp power level upon the relationship between EA V and the 
mechanical properties ofHSS parts. 
• Investigate the effect of lamp power level upon the relationship between EA V and the 
physical properties of HSS parts. 
• Investigate the use of different polymers upon the EA V metric. 
• Improve the EAV metric to account for DPI of the printhead. 
196 
References 
I Tuomi, J., Lamminen, L. & Kanerva, J. Effects of the latest developments of the rapid tooling and 
manufacturing technologies on companies' product development processes. Proceedings of the second 
international conference on Rapid Prototyping and Manufacturing, 2002, Beijing, China, pp 337-341. 
2 Clay, T.G. and Smith, P.G. Rapid prototyping accelerates the design process. Machine design, 2000, 
72(5): ppI61-171. 
3 Evans, M.A. and Campbell, R.I. A comparative evaluation of industrial design models produced using 
rapid prototyping and workshop-based fabrication techniques. Rapid Prototyping Journal, 2003, 9(5), pp 
344-351, ISSN 1355-2546. 
4 Wohlers, T. Wohlers Report 2006. Colorado: Wohler Associates Inc, 2006, ISBN 0-9754429-2-9. 
S Hopkinson, N. and Dickens, P. Rapid Prototypingfor direct manufacture. Rapid prototypingjournal, 2001, 
7(4), ppI97-202, ISSN 1355-2546. 
6 Chua, C.K., Leong, K.F. & Lim, C.S. Rapid Prototyping. principles and applications, 2nd Edition. New 
Jersey: W orId scientific, 2003, ISBN 981-238-117-1. 
7 Williams, J.D. and Deckard, C.R. Advances in modelling the effects of selected parameters on the SLS 
process. Rapid prototypingjournal, 1998,4(2), ppl'@IOO, ISSN 1355-2546. 
8 Images created courtesy of James BT ..-ll Craddock, March 2009, Loughborough University. 
'"," ... 
9 Zhou, J.G., Herscovici, D. and Chen, C.C. Pnrametric process optimization to improve the accuracy of 
rapid prototyped Stereolithography parts. International Journal of Machine Tools and Manufacture, 1999, 
40, pp 1-17, ISSN 0890-6955. 
10 Z Corporation, ZPrinter@ 650. [http://www.zcorp.com/Products/3D-Printers/ZPrinter-650/spage.aspx), 
[2008], [accessed 12.01.09]. 
II 3D Systems, Stereolithography Applications. [http://www.3dsystems.com/products!sla!applications.asp]. 
[2008], [accessed 12.01.09]. 
12 EnvisionTEC, Jewellery. [http://www.envisiontec.de/index.php?id=J 7], [n.d.], [accessed 12.01.09]. 
197 
I3 Hopkinson, N., Hague, R. & Dickens, P. Rapid manufacturing: an industrial revolutionfor the digital age. 
Chichester: Wiley, 2005, ISBN 0470016132. 
14 3D systems, Duraform@ PA Plastic. [http://www.3dsystems.com/products/solidimagingiLaserSinteringl 
duraformPA.asp], [2009], [accessed 31.03.09]. 
IS 3D systems, Duraform@ PP 100 Plastic. [http://www.3dsystems.com/products/solidimagingl 
LaserSintering/duraformPP I OO.asp], [2009], [accessed 31.03.09]. 
16 EOS, Plastic Materials. [http://www.eos.info/en/products/plastic-Iaser-sinteringlmaterials.html]. [2009], 
[accessed 31.03.09]. 
17 Cooper, K.G. Rapid Prototyping Technology. New York: Marcel Dekker Inc, 2001, ISBN 0824702611. 
18 Bathsheba Sculpture LLC, Lamps with MGX. [http://www.bathsheba.com/gallery/mgxi]. [n.d.], [accessed 
12.01.09]. 
19 Levy, G.N., Schindel, R. and Kruth, J.P. Rapid manufacturing and rapid tooling with layer manufacturing 
(LM) technologies, state of the art andfoture perspectives. CIRP Annals - Manufacturing technology, 2003, 
52(2), pp 589-609, ISSN 0007-8506. 
20 Boothroyd, G., Dewhurst, P. & Knight, W. Product Design for Manufacture and Assembly. New York: 
Dekker, 1994, ISBN 0824791762. 
21 Bertsch, A., Bernhard, P., Vogt, C., & Renaud, P. Rapid prototyping of small size objects. Rapid 
Prototyping Journal, 2000, 6(4), pp 259-266, ISSN 1355-2546. 
22 Ruffo, M., Tuck, C. & Hague, R. Cost estimation for rapid manufacturing -laser sintering production for 
low to medium volumes. Proceedings of the Institution of Mechanical Engineers Part B: Journal of 
Engineering Manufacture, 2006, 220, pp 1417-1427, ISSN 0954-4054. 
23 Watts, D. A Genetic Algorithm Based Topology Optimisation Approach for Exploiting Rapid 
Manufacturing's Design Freedom, Loughborough University, Sept 2008. 
24 Bingham, G.A., Hague, R.J.M., Long, A.c. & Crookston J.J. Rapid Manufactured Textiles: A novel 
application for additive manufacturing. Proceedings of the Seventeenth Solid Freeform Fabrication 
Symposium, 2006, Austin, Texas. 
198 
25 Freedom Of Creation (FOC), Laser sintered textiles. [http://www.freedomofcreation.coml]. [n.d.], 
[accessed 12.01.09]. 
26 Karania, R. & Kazmer, D. Low volume plastics manufacturing strategies. Journal of Mechanical Design, 
2007, 129, pp 1225-1233, ISSN 1050-0472. 
27 Jilin, Y. Rapid manufacturing using advanced laser sintering technology. Proceedings of the second 
international conference on Rapid prototyping & manufacturing, 2002, Beijing., China, pp 382 - 387. 
28 Hopkinson, N. & Dickens, P. Analysis of rapid manufacturing - using layer manufacturing processes for 
production. Proceedings of the Institution of Mechanical Engineers, Part C: Journal of Mechanical 
Engineering Science, 2003, 217, pp. 31-39, ISSN 0954-4062 . 
29 Grimm, T. User's guide to rapid prototyping. SME, 2004, ISBN 0872636976. 
30 EnvisionTEC, Copings, Crowns & PFM. [http://www.envisiontec.de/index.php?id=79]. [n.d.], [accessed 
12.01.09]. 
31 EnvisionTEC, Perfactory R5. [http://envisiontecsal.com/05mater.htm], [2009], [accessed 25.7.09]. 
32 Freedom Of Creation (FOC), Collection, Accessories, Trabecula. [http://www.freedomofcreation.com/]. 
[n.d.], [accessed 12.01.09]. 
33 Hopkinson, N., Gao, Y. & Mcafee, D. Design for environment analyses applied to rapid manufacturing. 
Proceedings of the Institution of Mechanical Engineers, Part D: Journal of Automobile Engineering, 2006, 
220(10): pp l363-1372, ISSN 0954-4070. 
34 Walter, K., Van De Vorst, B., Maalderink, H. & Kamperman, N. DeSign for Rapid Manufacturing 
jUnctional SLS parts. I PROMS, 2006, Online conference, pp 3-8. 
35 Gomet, T.1., Davis, K.R., Starr, T.L. & Mulloy, K.M. Characterization of Selective Laser Sintering 
Materials to Determine Process Stability. Proceedings of the Solid Freeform Fabrication Symposium, 2002, 
Austin, Texas, pp 546-553. 
36 Tontowi, A.E. & Childs, T.H.C. Density prediction of crystalline polymer sintered parts at various powder 
bed temperatures. Rapid prototyping Journal, 2001, 7(3), pp. 160-184, ISSN 1355-2546. 
37 3D Systems, Sinterstation@ Hi(jM. [http://www.3dsystems.com/products/sls/sinterstation hig/index.asp], 
[2009], [accessed 25.7.09]. 
199 
38 FORTUS, The production workhorse. [http://www.fortus.com/Fortus900mc.aspx]. [2009], [accessed 
25.7.09]. 
39 EOS, EOSINT P 730. [http://www.eos.info/fileadmin/user upload/eosint en/eosint p730 en.pdt], [n.d.], 
[accessed 25.7.09]. 
40 Speedpart Technology. [http://www.speedpart.se/index.htmlJ. [2006], [accessed 11.06.2006]. 
41 Asiabanpour, B., & Khoshnevis, B. Machine path generation for the SIS process. Robotics and Computer-
Integrated Manufacturing, 2004, 20: pp 167-175, ISSN 0736-5845. 
42 Khoshnevis, B. Selective Inhibition Sintering. [http://www-rcf.usc.edu/~khoShneV/RP/sls/selectiVe%20 
InhibitiOn%200fllIo20Sintering.htm]. [n.d.], [accessed 31.03.09]. 
43 Asiabanpour, B., Palmer, K. & Khoshnevis, B. An experimental study of surface quality and dimensional 
accuracy for selective inhibition of sintering. Rapid Prototyping Journal, 2004, 10: pp 181-192, ISSN 1355-
2546. 
44 Asiabanpour, B., Asiabanpour, B, Cano, R., Subbareddy, C., Wasik, F., VanWagner, L., & McCormick, T. 
A new heater design by radiation modelling and a new polymer waste-Saving mechanism design for the SIS 
process. Rapid Prototyping Journal, 2007, 13: pp 136-147, ISSN 1355-2546. 
45 Khoshnevis, B., Asiabanpour, B., Mojdeh, M. & Palmer, K. SIS - a new SFF method based on powder 
sintering. Rapid Prototyping Journal, 2003,9(1): pp 30-36, ISSN 1355-2546. 
46 Bedal, B. & Schmidt, K. Sinterable powder. Patent application publication, United States, may 29th, 2008, 
US 2008/0122141 AI. 
47 Desktop Factory. [http://www.desktopfactory.com!]. [2008], [accessed 4.8.09]. 
48 Hopkinson, N. & Erasenthiran, P. Method and apparatus for combining particulate material. International 
patent, 25.7.03, WO 2005/011959 AI. 
49 Thomas H, Hopkinson N, Erasenthiran P. High Speed Sintering - Continuing research into a new Rapid 
Manufacturing process. In the proceedings of the Solid Freeform Fabrication Symposium, 2006, Austin, 
Texas, pp 682-691. 
so Oxford English dictionary online. [http://dictionary.oed.coml], [2008], [accessed 9.10.2008]. 
200 
51 Kalpakjian, S. & Schmid, S.R. Manufacturing processes for engineering materials. Singapore; London: 
Pearson Prentice Hall, 2008, ISBN 981067953X. 
52 Bishop, Mark. [http://www.mpcfaculty.net/mark bishop/polyethylene formation complete.jpgl, [2008], 
[accessed 9.10.08]. 
53 Birley, A.W., Haworth, B. & Batchelor, J. Physics of plastics, NY: Hanser, 1992, ISBN 0-19-520782-3. 
54 Callister, W.D. Materials science and engineering: an introduction, 5th edition. NY, Chichester: Wiley, 
2000, ISBN 0471320137. 
55 Mascia, L. Thermoplastics: Materials engineering. England: Elsevier science publishers, 1989, ISBN 1-
85166-267-7. 
56 Callister, W.D. Fundamentals of materials science and engineering: an integrated approach, 2nd edition. 
USA: Wiley, 2005, ISBN 0-471-47014-7. 
57 Shi, Y., Li, Z., Huang, S., and Zeng, F. Effect of the properties of the polymer materials on the quality of 
selective laser sintering parts. Proceedings of the Institution of Mechanical Engineers, Part L: Journal of 
Materials: Design and Applications, 2004, 218: pp 247-252, ISSN 1464-4207. 
58 Kruth JP, Wang X, Laoui T, Froyen L. Lasers and materials in selective laser sintering. Assembly 
Automation, 2003, 23(4): pp. 357-371, ISSN 0144-5154. 
59 Kalpakjian, S. & Schmid, S.R. Manufacturing Processes for engineering materials, 5th edition. USA: New 
Jersey, 2008, ISBN-I0: 0-13- 227271-7. 
60 Zarringhalam, H. Investigation into crystallinity and degree of particle melt in selective laser sintering. 
PhD thesis, Loughborough University, 2007. 
61 Gibson, I., and Shi, D. Material properties andfabrication parameters in selective laser sintering process. 
Rapid prototypingjournal, 1997,3(4): pp.l29-136, ISSN 1355-2546. 
62 3D Systems, Duraform® PA plastic. [http://www.3dsysterns.comlproducts/materials/sls/duraformPA.asP]. 
[2009], [accessed 25.7.09]. 
201 
63 Zarringhalam, H., Hopkinson, N., Kamperman, N.F. & de Vlieger, J.J. Effects of processing on 
microstructure and properties of SLS Nylon 12. Materials Science and Engineering A, 2006, 435-436, 
pp.I72-180, ISSN 0921-5093. 
64 Davis, K.R., Gomet, T.J. & Richardson, K.M. Materials testing method for process control of direct 
manufacturing in the SLS process. Proceeding of the 1 st International conference on Advanced research in 
virtual and rapid prototyping, 1-4 October 2003, Leiria, Portugal. 
6S Gomet, TJ. & Davis, K.R. Understanding the variation in mechanical properties of materials by additive 
layerwise processes for direct manufacturing of end use parts. 1 st international conference of Rapid 
Manufacturing, 5-6th July 2006, Loughborough University, UK. 
66 German, R.M. Sintering Theory and Practise. New York, Chichester: Wiley, 1996, ISBN 047105786x. 
67 Adapted from: German, R.M. Sintering Theory and Practise. New York, Chichester: Wiley, 1996, ISBN 
047105786x 
68 Bellehumeur, C.T., Bisaria, M.K., and Vlachopoulos, J. An experimental study and model assessment of 
polymer sintering. Polymer Engineering and Science, 1996, 36(17): pp 2198 - 2207, ISSN 0032-3888. 
69 Greco, A. & Maffezzoli, A. Polymer melting and polymer powder sintering by thermal analysis. Journal 
of Thermal Analysis and Calorimetry, 2003, 72: pp.l167-1174, ISSN 1572-8943. 
70 Kruth, J.P., Levy, G., Klocke, F. & Childs, T.H.C. Consolidation Phenomena in Laser and Powder-Bed 
Based Layered Manufacturing. CIRP Annals, 2007, 56(2): pp 730-759, ISSN 0007-8506. 
71 German, R.M. Liquid Phase Sintering. Ney York: Plenum press, 1985, ISBN 0306422158. 
72 Williams, J.D. & Deckard, C.R. Advances in modelling the effects of selected parameters on the SLS 
process. Rapid prototypingjournal, 1998,4(2): pp 90-100, ISSN 1355-2546. 
73 Caulfield, B., McHugh, P.E. & Lohfeld, S. Dependence of mechanical properties of polyamide 
components on build parameters in the SLS process. Journal of Materials Processing Technology, 2007, 
182: pp 477-488, ISSN 0924-0136. 
74 Ho, H.C.H., Gibson, I. and Cheung, W.L. Effects of energy density on morphology and properties of 
selective laser sintered polycarbonate. Journal of Materials Processing Technology, 1999, 89-90: pp. 204-
210, ISSN 0924-0136. 
202 
75 Aggarangsi, P. & Beuth, J.L. Localized preheating approaches for reducing residual stress in additive 
manufacturing. Proceedings of the Solid Freeform Fabrication Symposium, 2006, Austin, Texas, pp709-720. 
76 Mercelis, P. & Kruth, J.P. Residual stresses in selective laser sintering and selective laser melting. Rapid 
Prototyping Journal, 2006, 12(5): pp 254-265, ISSN 1355-2546. 
77 Majewski, C.M., Zarringhalam, H. & Hopkinson, N. Effects of degree of particle melt and crystallinity in 
SLS Nylon-I2 parts. Proceedings of the Solid Freeform Fabrication Symposium, 2008, Austin, Texas, pp 45-
54. 
78 Bonten, C. & C Tuchert. Welding of Plastics-Introduction into Heating by Radiation. Reinforced Plastics 
and composites, 2002, 21(8): pp 699-709, ISSN 0731-6844. 
79 Kreith, F. & Bohn, S.M. Principles of heat transfer, 6th edition, USA: Brooks/Cole, 2001, ISBN 
0534375960. 
80 Cengel, Y.A. Heat Transfer, a practical approach, Boston, Massachusetts: McGraw-Hill, 1998, ISBN 0-
07-011505-2. 
81 Smith, R.A., Jones, F.E. & Chasmar, J.P. The detection and measurement of infra-red radiation. Oxford: 
Oxford University Press, 1957. 
82 Adapted from: Measuring vegetation health. [http://mvh.sr.unh.edulmvhtools/images/irdiagram.png], 
[n.d.], [accessed 97.07]. 
83 Heraeus, promotional CD - All about Infrared. © Heraues Noblelight GmbH, Hanau, Germany, 
www.heraeus-noblelight.com. 
84 Tolochko, N.K., Khlopkov, Y.V., Mozzharov, S.E., Ignatiev, M.B., Laoui, T. & Titov, V.I. Absorptance 
of powder materials suitablefor laser sintering. Rapid Prototyping Journal, 2000, 6(3): pp 155-160, ISSN 
1355-2546. 
85 Heraeus, Plastics, [http://www.heraeus-noblelight.com/en/I nfrared-heat/appl ications-for-In frared-heat! 
plastics.html], [n.d.], [accessed 25.7.09]. 
86 Heraeus, Infrared Emitters for Industrial Processes. [http://www.heraeus-noblelight.com/fileadmin/ user 
upload/PDF/IRlIRbrochure OK e.pdt], [n.d.], [accessed 31.03.2009]. 
203 
87 Bartley I. Coatings curing - the role of Infrared. Pigment & Resin Technology, 1999,28(4): pp 233-236, 
ISSN 0369-9420. 
88 Kreith, F. & Bohn, M.S. Principles of heat transfer, 6th edition. California: Brooks/Cole, 2001. ISBN 0-
534-37596-0. 
89 Wimpenny, D.I., & Banerjee, S. Selective Infrared Sintering of Polymeric Powders using Radiant IR 
Heating & Ink Jet Printing. Proceedings of the Solid Freefonn Fabrication Symposium, 2006, pp 789-799. 
90 Adapted from: Wimpenny, D.I., & Banerjee, S. Selective Infrared Sintering of Polymeric Powders using 
Radiant IR Heating & Ink Jet Printing. Proceedings of the Solid Freefonn Fabrication Symposium, 2006, pp 
789-799. 
91 Kruth, J.P., Wang, x., Laoui, T. & Froyen, L. Lasers and materials in selective laser sintering. Assembly 
Automation, 2003,23(4): pp 357-371, ISSN 0144-5154. 
92 Adapted from: Tolochko, N.K., Khlopkov, Y.V., Mozzharov, S.E., Ignatiev, M.B., Laoui, T. & Titov, V.1. 
Absorptance of powder materials suitable for laser sintering. Rapid Prototyping Journal, 2000, 6(3): pp 155-
160, ISSN 1355-2546. 
93 Gusarov, A.V., Laoui, T. Froyen, L. & Titov, V.1. Contact thermal conductivity of a powder bed in 
selective laser sintering. International journal of heat and mass transfer, 2003,46: pp 1103-1109 ISSN 0017-
9310. 
94 Nelson, J.C., Xue, S., Barlow, J.W., Beaman, J.J., Marcus, H.L. & Bourell, D.L. Model of the Selective 
Laser Sintering of Bisphenol-A Polycarbonate. Ind. Eng. Chern. Res, 1993, 32: pp. 2305-2317. ISSN 0888-
5885. 
95 Bourell, D., Wohlert, M. Harlan, N. Das, S. & Beaman, J. Powder densification Maps in Selective Laser 
Sintering. Advanced Engineering materials, 2002, 4(9): pp.663-669, ISSN 1438-1656. 
96 Childs, T.H.C., Berzins, M., Ryder, G.R. and Tontowi, A. Selective laser sintering of an amorphous 
polymer - simulations and experiments. Proceedings for the institute of mechanical engineers, 213(B): 
pp.333-349, ISSN 2041-2975. 
97 Cervera, G.B.M. & Lombera, G. Numerical prediction of temperature and density distributions in selective 
laser sintering process. Rapid Prototyping Journal, 1999,5(1): pp. 21-26. ISSN 1355-2546. 
204 
98 Siegel, R. & Howell, J. Thermal Radiation Heat Transfer, 4th edition. New York: Taylor and Francis, 
2002, ISBN 1-56032-839-8. 
99 Ho, H., Cheung, W. & Gibson, I. Effects of graphite powder on the laser sintering behaviour of 
polycarbonate. Rapid Prototyping Journal, 2002, 8(4): pp 233-242, ISSN 1355-2546. 
100 Wagner, T., Hofer, T., Knies, S. & Eyerer, P. Laser Sintering of High Temperature Resistant Polymers 
with Carbon Black Additives. International Polymer Processing XIX, 2004, 4: pp 395-401, ISSN 0930777X. 
101 Jones, I. Laser welding for plastic components. Assembly Automation, 2002, 22(2): pp 129- 135, ISSN 
0144-5154. 
102 Hopkinson, N. & Erasenthiran, P. High Speed Sintering - Early Research into a New Rapid 
Manufacturing Process. Proceedings of the 15th Solid Freeform Fabrication Symposium, pp. 312-320,2004, 
Austin, Texas. 
103 Rooks, B. Laser processing of plastics. Industrial Robot: An International Journal, 2004, 31(4): pp 338-
342, ISSN 0143-991X. 
104 No author, Principle of through-transmission welding. [http://images.pennnet.com/articles/ils/thm/th 
0806ilshybridO I .giG, [n.d.], [accessed 25.7.09]. 
105 No author. [http://www.laserguipment.com/images/2713.jpg]. [n.d.], [accessed 25.7.09]. 
106 Zarringhalam, H., Majewski, C. & Hopkinson, N. Degree of particle melt in Nylon-12 selective laser-
sintered parts. Rapid Prototyping Journal, 2009, 5(2): pp.126-132, ISSN 1355-2546. 
107 NPL. [http://www.npl.co.uk/]. [2009], [accessed 31.03.2009]. 
108 Image supplied, courtesy ofNPL. 
109 Epakelectronics. [http://www.epakelectronics.com/lmages/uvps images/uvps cI 8.jpg], [n.d.], [accessed 
4.8.09]. 
110 Majewski, C., Oduye, D., Thomas, H. & Hopkinson, N. Effect of infra-Red power level on the sintering 
behaviour in the high speed sinlering process. Rapid Prototyping Journal, 2008, 14(3): pp 155-160, ISSN 
1355-2546. 
111 Wunderlich, B. Thermal analysis. New York: Academic Press, Inc., 1990, ISBN 0-12-765605-7. 
205 
112 Gogolewski, S., Czemiawska, K. & Gasiorek, M. Effect of annealing on thermal properties and 
crystalline structure of polyamides. Nylon 12 (polylaurolactum). Colloid & Polymer Science, 1980,258, 
pp.1130-1136, ISSN 0303-402X. 
113 Hinton, P.R. Statistics Explained, 2nd edition, East Sussex: Routledge, 2004, ISBN 0-415-33285-0. 
206 
Appendix A 
Data collected during measurement of the IR lamp 
207 
Wavelength Test I Wavelength Combined Average 
400 2.26437E-05 400 2.26437E-05 
410 3.82042E-05 410 3.82042E-05 
420 5.84082E-05 420 5.84082E-05 
430 8.70298E-05 430 8.70298E-05 
440 0.000130233 440 0.000130233 
450 0.000190858 450 0.000190858 
460 0.000286039 460 0.000286039 
470 0.000420435 470 0.000420435 
480 0.00052834 480 0.00052834 
490 0.000585388 490 0.000585388 
500 0.00057153 500 0.00057153 
510 0.000533835 510 0.000533835 
520 0.000565424 520 0.000565424 
530 0.000559911 530 0.000559911 
540 0.000554582 540 0.000554582 
550 0.000589803 550 0.000589803 
560 0.000631768 560 0.000631768 
570 0.000690479 570 0.000690479 
580 0.000789805 580 0.000789805 
590 0.000935207 590 0.000935207 
600 0.001070781 600 0.001070781 
610 0.001272593 610 0.001272593 
620 0.001583093 620 0.001583093 
630 0.002013655 630 0.002013655 
640 0.00255098 640 0.00255098 
650 0.003248414 650 0.003248414 
660 0.004334731 660 0.004334731 
670 0.005946579 670 0.005946579 
680 0.008262856 680 0.008262856 
690 0.Ql122763 690 0.01122763 
700 0.01477081 700 0.01477081 
710 0.01924061 710 0.01924061 
720 0.02554756 720 0.02554756 
730 0.03352942 730 0.03352942 
740 0.04278668 740 0.04278668 
750 0.05276229 750 0.05276229 
760 0.06277929 760 0.06277929 
770 0.07287563 770 0.07287563 
780 0.08514016 780 0.08514016 
790 0.09974061 790 0.09974061 
800 0.1155491 800 0.1178263 
810 0.1306335 810 0.1306335 
820 0.1435813 820 0.1435813 
830 0.1528443 830 0.1528443 
840 0.159057 840 0.159057 
850 0.1643969 850 0.16747655 
860 0.170416 860 0.170416 
870 0.1780877 870 0.1780877 
880 0.1862046 880 0.1862046 
890 0.1933783 890 0.1933783 
900 0.2005629 900 0.2036585 
208 
910 0.206012 910 0.206012 
920 0.2107567 920 0.2107567 
930 0.2150649 930 0.2150649 
940 0.2206853 940 0.2206853 
950 0.2272319 950 0.23167245 
960 0.2342532 960 0.2342532 
970 0.2400643 970 0.2400643 
980 0.2437238 980 0.2437238 
990 0.2460522 990 0.2460522 
1000 0.2486105 1000 0.2518574 
Table A.t - Data collected within the wavelength region 400-tOOnm 
Wavelength Test I Wavelength Combined Average 
800 0.1201035 800 0.1178263 
850 0.1705562 850 0.16747655 
900 0.2067541 900 0.2036585 
950 0.236113 950 0.23167245 
1000 0.2551043 1000 0.2518574 
1050 0.2725621 1050 0.2725621 
1100 0.3005693 1100 0.3005693 
1150 0.2838607 1150 0.2838607 
1200 0.3005896 1200 0.3005896 
1250 0.3311869 1250 0.3311869 
1300 0.3173433 1300 0.3173433 
1350 0.2869699 1350 0.2869699 
1400 0.2921346 1400 0.2921346 
1450 0.3073192 1450 0.3073192 
1500 0.3039358 1500 0.30510545 
1550 0.281581 1550 0.2806336 
1600 0.2535253 1600 0.25262905 
Table A.2 - Data collected within the wavelength region 800-t600nm 
209 
Wavelength Test 1 Wavelength Combined Average 
1500 0.3062751 1500 0.30510545 
1550 0.2796862 1550 0.2806336 
1600 0.2517328 1600 0.25262905 
1650 0.2368473 1650 0.2368473 
1700 0.2404404 1700 0.2404404 
1750 0.2406659 1750 0.2406659 
1800 0.2366443 1800 0.2366443 
1850 0.2245726 1850 0.2245726 
1900 0.2078308 1900 0.2078308 
1950 0.1901173 1950 0.1901173 
2000 0.1784086 2000 0.1784086 
2050 0.1661154 2050 0.1661154 
2100 0.1576543 2100 0.1576543 
2150 0.1513104 2150 0.1513104 
2200 0.1466285 2200 0.1466285 
2250 0.1432004 2250 0.1432004 
2300 0.1373373 2300 0.1373373 
2350 0.1315697 2350 0.1315697 
2400 0.1239729 2400 0.1239729 
2450 0.1121708 2450 0.1121708 
2500 0.1098628 2500 0.1098628 
Table A.3 - Data collected within the wavelength region lS00-2S00nm 
210 
Appendix B 
Data collected during Spectrophotography experiments 
211 
RAM RAM RAM RAM RAM RAM Fl Photocopier C Wavelength A B 0.5% C2% C3% C5% paper paper 
400 5.79 78.87 76.32 72.45 67.64 68.93 84.09 77.336 
410 5.34 82.07 79.66 75.69 70.53 71.90 86.655 81.818 
420 5.52 86.28 84.22 80.20 74.05 75.87 89.334 88.493 
430 5.65 88.98 87.26 83.43 75.80 78.71 91.133 92.189 
440 5.25 91.03 89.56 85.89 76.83 80.98 92.67 93.854 
450 5.24 92.22 90.99 87.39 77.33 82.40 93.617 94.693 
460 5.31 92.78 91.65 88.17 77.40 83.10 93.99 95.026 
470 4.92 93.18 92.18 88.76 77.41 83.68 94.388 95.251 
480 5.20 93.19 92.20 88.84 77.02 83.74 94.257 95.085 
490 5.10 92.69 91.75 88.39 76.36 83.29 93.787 94.54 
500 5.37 91.71 90.89 87.62 75.53 82.56 92.94 93.683 
510 5.11 90.47 89.62 86.46 74.41 81.45 91.821 92.595 
520 5.09 88.85 88.06 84.85 73.15 79.91 90.422 91.26 
530 4.74 87.83 86.93 83.89 72.22 78.89 89.54 90.266 
540 5.27 87.58 86.69 83.52 7l.91 78.52 89.371 89.839 
550 4.56 87.09 86.22 82.93 71.26 77.83 88.889 89.017 
560 5.13 86.39 85.43 82.22 70.52 77.00 88.38 87.991 
570 4.99 87.04 86.09 82.70 70.76 77.31 89.142 88.127 
580 5.42 87.85 86.86 83.28 70.90 77.65 89.819 88.292 
590 4.74 89.26 88.24 84.46 71.47 78.49 90.961 89.034 
600 4.75 90.10 89.02 85.02 71.68 78.85 91.612 89.487 
610 5.16 90.25 89.08 85.06 71.43 78.64 91.768 89.34 
620 4.95 90.54 89.35 85.13 71.26 78.44 92.041 89.493 
630 4.62 91.48 90.26 85.86 71.42 78.76 92.886 90.392 
640 5.06 93.14 91.80 87.11 72.07 79.62 94.341 91.931 
650 4.72 94.68 93.23 88.18 72.50 80.24 95.573 93.33 
660 4.71 95.33 93.82 88.53 72.63 80.22 96.109 94.139 
670 4.84 95.19 93.75 88.25 72.30 79.69 95.921 94.342 
680 4.83 95.65 94.01 88.27 72.03 79.36 96.509 94.084 
690 5.08 95.91 94.22 88.18 7l.75 79.02 96.713 93.922 
700 5.19 96.14 94.32 88.10 71.52 78.57 96.837 94.089 
710 4.85 96.46 94.53 88.07 71.27 78.28 97.177 94.545 
720 5.16 96.70 94.79 88.02 71.04 77.83 97.467 94.835 
730 4.80 97.10 95.12 88.08 70.77 77.37 97.841 95.488 
740 5.11 97.57 95.46 88.03 70.63 76.90 98.155 96.315 
750 4.84 98.01 95.70 87.88 70.35 76.49 98.389 97.089 
760 5.16 98.21 95.91 87.74 70.16 76.02 98.691 97.662 
770 5.59 98.51 96.03 87.65 69.84 75.43 98.83 98.187 
780 5.12 98.63 95.98 87.32 69.57 74.67 99.089 98.369 
790 5.33 99.05 96.06 86.89 68.92 74.15 99.092 98.918 
800 5.27 98.92 96.06 86.40 68.55 73.30 99.197 98.903 
810 5.32 98.87 95.84 86.19 68.12 72.35 99.138 98.767 
212 
820 5.46 98.87 95.78 85.72 67.57 71.66 99.376 98.808 
830 5.30 98.85 94.76 85.09 67.58 70.10 99.539 98.647 
840 5.74 98.02 94.42 84.40 66.48 69.81 99.919 98.183 
850 5.66 98.60 95.46 84.04 65.45 68.93 98.445 98.601 
860 5.76 98.99 95.54 83.95 65.60 67.99 99.869 99.588 
870 5.50 99.25 94.19 82.86 64.79 66.78 98.917 98.68 
880 5.55 98.92 94.30 83.10 63.86 66.46 99.626 99.373 
890 5.35 98.49 94.77 82.12 63.73 65.52 98.666 98.984 
900 5.01 98.83 93.81 81.04 63.20 64.16 99.881 98.651 
910 5.10 98.69 93.93 80.31 62.38 63.05 99.084 98.897 
920 4.66 98.53 93.83 79.72 61.44 62.19 99.214 99.232 
930 4.36 98.58 93.53 78.87 60.85 61.13 99.155 98.802 
940 4.19 98.26 93.21 78.24 60.43 60.11 98.764 98.563 
950 4.08 98.57 92.86 77.61 59.64 59.02 98.698 98.752 
960 4.28 98.30 92.54 76.71 58.79 58.07 98.671 98.778 
970 4.15 98.22 92.12 75.78 58.19 56.86 98.486 98.865 
980 4.15 98.35 91.92 74.92 57.33 55.57 98.398 98.418 
990 4.28 97.95 91.42 73.95 56.37 54.44 98.305 98.34 
1000 4.16 98.00 91.18 73.19 55.56 53.21 98.169 98.27 
1010 4.28 97.82 90.79 72.10 54.64 51.92 98.337 98.506 
1020 4.27 98.03 90.52 71.11 53.63 50.75 98.39 98.453 
1030 4.17 97.93 90.04 70.08 52.72 49.40 98.244 98.396 
1040 4.28 98.04 89.72 68.93 51.61 48.09 98.465 98.474 
1050 4.16 98.03 89.30 67.79 50.38 46.60 98.474 98.474 
1060 4.06 98.12 88.93 66.80 49.41 45.31 98.407 98.535 
1070 4.15 98.19 88.56 65.47 48.22 44.00 98.427 98.619 
1080 4.08 98.30 88.05 64.42 47.04 42.56 98.54 98.631 
1090 4.20 98.34 87.53 62.95 45.79 41.07 98.611 98.726 
1100 4.17 98.40 86.98 61.55 44.55 39.51 98.764 98.718 
1110 4.11 98.47 86.48 60.09 43.13 37.80 98.793 98.863 
1120 4.20 98.51 85.73 58.36 41.70 36.24 98.854 98.814 
1130 4.12 98.41 84.84 56.71 40.32 34.51 98.785 98.822 
1140 4.09 98.35 83.99 55.04 38.93 33.05 98.672 98.772 
1150 4.14 97.69 82.66 53.17 37.44 31.36 98.312 98.509 
1160 4.13 97.02 81.35 51.14 36.01 29.73 97.739 98.203 
1170 4.09 96.20 79.74 49.13 34.45 27.98 97.33 97.816 
1180 4.05 95.44 78.25 47.08 32.76 26.32 96.722 97.586 
1190 4.18 94.69 76.58 44.96 31.13 24.77 96.143 97.078 
1200 4.08 94.00 74.90 42.76 29.46 23.16 95.439 96.611 
1210 4.05 93.50 73.31 40.74 27.79 21.62 95.16 96.437 
1220 4.10 93.69 72.26 39.05 26.37 20.28 95.187 96.344 
1230 4.14 94.31 71.47 37.41 25.01 19.00 95.418 96.439 
1240 4.12 94.93 70.53 35.85 23.65 17.78 95.868 96.733 
1250 4.22 95.35 69.36 34.08 22.18 16.64 96.155 96.985 
1260 4.14 95.79 68.09 32.45 20.87 15.44 96.39 97.025 
213 
1270 4.17 95.89 66.73 30.60 19.58 14.37 96.518 97.118 
1280 4.14 96.18 65.33 29.02 18.29 13.33 96.834 97.38 
1290 4.20 96.63 64.01 27.46 17.18 12.39 97.151 97.681 
1300 4.26 96.85 62.58 26.00 16.11 11.57 97.415 97.67 
1310 4.21 96.93 61.11 24.56 15.19 10.82 97.356 97.707 . 
1320 4.29 96.84 59.64 23.28 14.27 10.20 97.424 97.707 
1330 4.21 96.54 58.04 21.99 13.40 9.51 97.217 97.577 
1340 4.24 95.89 56.39 20.94 12.66 8.95 96.698 97.273 
1350 4.31 95.05 54.61 19.66 11.94 8.42 95.894 96.55 
1360 4.30 93.51 52.81 18.51 11.34 7.96 94.589 95.534 
1370 4.29 92.76 51.28 17.68 10.74 7.55 93.976 95.216 
1380 4.22 92.53 50.34 16.95 10.38 7.28 93.951 95.152 
1390 4.18 91.73 49.14 16.21 9.98 6.94 93.541 94.942 
1400 4.08 90.46 47.93 15.63 9.57 6.74 92.632 94.095 
1410 4.01 88.23 46.43 15.02 9.50 6.53 91.031 92.189 
1420 4.01 85.11 44.70 14.31 9.09 6.35 88.341 89.629 
1430 3.94 82.68 42.92 13.70 8.76 6.14 86.18 87.019 
1440 3.89 81.00 41.75 13.09 8.50 5.95 84.702 85.353 
1450 3.89 79.92 40.63 12.69 8.29 5.85 83.815 84.273 
1460 3.90 78.75 39.70 12.13 8.02 5.71 82.701 83.334 
1470 3.84 77.73 38.89 11.64 7.73 5.53 81.747 81.938 
1480 3.80 76.94 37.84 11.32 7.50 5.41 80.896 81.19 
1490 3.83 76.61 37.20 10.96 7.24 5.16 80.379 80.807 
1500 3.82 76.69 36.58 10.73 7.11 4.98 80.255 80.936 
1510 3.78 77.19 36.24 10.43 6.91 5.02 80.688 81.366 
1520 3.80 77.62 35.80 10.19 6.78 4.80 80.804 81.57 
1530 3.80 77.56 35.24 9.88 6.55 4.80 80.939 81.773 
1540 3.82 77.61 34.96 9.66 6.44 4.73 80.655 81.693 
1550 3.83 77.71 34.51 9.48 6.32 4.65 80.634 81.851 
1560 3.80 77.89 34.05 9.28 6.24 4.53 80.861 82.246 
1570 3.74 77.97 33.87 9.11 6.10 4.52 80.917 82.309 
1580 3.79 78.17 33.54 8.90 5.97 4.56 81.14 82.541 
1590 3.81 78.75 33.49 8.78 6.00 4.43 81.496 83.205 
1600 3.81 80.15 33.29 8.71 5.75 4.39 82.657 84.277 
1610 3.76 81.62 33.45 8.55 5.84 4.39 83.968 85.944 
1620 3.75 83.19 33.49 8.61 5.63 4.44 85.262 87.244 
1630 3.75 84.36 33.64 8.50 5.75 4.24 86.328 88.257 
1640 3.79 85.36 33.58 8.47 5.62 4.26 87.184 89.221 
1650 3.76 86.14 33.63 8.40 5.47 4.36 88.135 90.057 
1660 3.72 86.65 33.30 8.36 5.62 4.41 88.663 90.408 
1670 3.76 86.55 33.63 8.48 5.66 4.13 88.673 91.037 
1680 3.71 85.23 33.00 8.34 5.47 4.24 88.376 90.958 
1690 3.73 83.46 32.36 8.19 5.50 4.04 87.128 90.257 
1700 3.68 81.53 32.03 8.15 5.54 4.22 86.243 89.587 
1710 3.74 80.22 31.54 8.01 5.64 4.15 85.463 89.359 
214 
1720 3.71 78.91 31.41 7.99 5.46 4.33 85.045 89.531 
1730 3.67 79.36 31.17 7.92 5.61 4.27 85.263 89.178 
1740 3.67 80.75 31.74 8.13 5.36 4.45 85.58 89.201 
1750 3.76 81.11 31.98 8.15 5.61 4.37 85.585 89.304 
1760 3.70 80.50 31.69 8.01 5.65 4.53 85.417 88.953 
1770 3.75 81.17 32.00 8.09 5.70 4.67 85.609 88.585 
1780 3.66 82.16 32.13 8.24 5.81 4.38 86.226 88.527 
1790 3.65 82.56 32.36 7.96 5.46 4.27 86.278 88.528 
1800 3.60 83.53 32.65 8.61 5.81 4.53 87.099 88.76 
1810 3.65 83.57 32.39 8.11 5.53 4.47 86.829 89.186 
1820 3.66 83.85 32.68 8.23 6.08 4.35 87.083 88.87 
1830 3.67 84.01 32.79 8.82 5.55 4.76 87.456 89.598 
1840 3.64 84.80 33.25 8.26 5.52 4.48 87.735 89.586 
1850 3.57 86.41 33.29 8.36 6.15 4.44 89.496 90.434 
1860 3.71 87.00 34.14 8.15 5.81 4.14 89.668 91.092 
1870 3.57 88.14 34.97 8.42 6.08 4.61 91.122 92.633 
1880 3.52 89.72 35.43 9.15 6.34 5.00 93.126 94.159 
1890 3.40 89.37 36.56 9.97 6.42 4.74 93.629 95.039 
1900 3.70 88.12 36.87 10.13 7.12 5.03 92.386 93.59 
1910 3.58 85.51 37.17 10.47 7.65 5.09 91.649 90.939 
1920 3.52 85.37 37.47 9.93 7.42 6.28 90.628 90.353 
1930 3.31 85.65 37.97 11.05 7.84 5.38 91.902 90.207 
1940 3.58 86.40 39.10 10.63 7.97 6.48 92.223 91.289 
1950 3.20 87.99 39.45 10.92 7.63 5.55 93.533 92.326 
1960 3.80 89.37 39.93 11.03 7.89 5.98 93.683 93.959 
1970 3.63 89.79 39.71 10.78 8.17 6.27 95.288 94.554 
1980 3.63 90.06 39.19 10.09 6.78 5.69 95.073 95.21 
1990 3.61 90.91 39.78 10.82 8.12 5.68 95.259 95.28 
2000 3.60 90.72 38.63 11.29 7.65 5.66 95.288 93.945 
2010 3.62 88.99 38.83 10.93 7.30 5.68 92.781 92.784 
2020 3.59 85.60 38.04 10.40 7.04 5.61 91.116 90.808 
2030 3.60 82.75 37.15 10.38 7.68 5.52 87.978 87.137 
2040 3.59 79.11 36.02 9.85 7.14 4.94 85.207 84.549 
2050 3.58 75.22 35.13 9.92 7.22 5.13 81.081 79.477 
2060 3.59 72.35 33.34 10.06 7.33 4.90 77.654 75.948 
2070 3.58 69.51 31.92 9.59 7.65 5.22 73.814 72.15 
2080 3.58 66.53 32.26 9.79 6.95 4.78 72.586 69.896 
2090 3.56 65.97 31.40 8.80 7.32 5.55 71.243 68.98 
2100 3.56 64.89 31.60 9.13 7.33 5.63 70.306 68.019 
2110 3.55 65.89 31.91 9.90 7.01 5.21 70.102 67.731 
2120 3.55 64.79 31.41 10.28 6.67 4.83 70.479 68.813 
2130 3.54 66.45 32.18 9.54 6.70 5.59 72.012 69.923 
2140 3.54 67.09 32.55 10.42 7.50 5.51 72.495 71.481 
2150 3.53 68.18 32.51 10.41 7.34 4.47 74.13 72.131 
2160 3.53 70.02 34.13 9.56 8.41 5.60 74.583 73.511 
215 
2170 3.53 71.00 34.21 10.83 7.47 5.47 76.01 75.339 
2180 3.53 72.24 34.95 10.10 7.39 5.69 77.246 76.86 
2190 3.53 72.21 35.58 10.20 7.17 5.10 76.749 78.642 
2200 3.53 73.62 35.88 11.73 7.24 5.21 78.22 79.454 
2210 3.52 73.45 35.92 11.74 7.28 6.28 77.948 81.042 
2220 3.52 73.86 35.26 12.23 7.80 5.69 77.983 80.263 
2230 3.52 72.60 36.27 11.39 8.03 5.73 77.443 80.681 
2240 3.52 69.56 35.69 10.89 7.23 5.60 76.067 78.458 
2250 3.51 66.11 33.88 11.59 7.42 5.31 72.597 76.889 
2260 3.51 61.67 32.11 10.14 7.91 5.34 68.504 74.606 
2270 3.51 59.60 30.72 11.09 7.66 5.96 65.318 70.209 
2280 3.51 58.75 31.02 10.57 7.12 5.63 66.968 71.013 
2290 3.51 57.33 30.02 10.33 7.89 6.85 66.978 71.198 
2300 3.52 53.54 28.79 9.49 6.60 4.85 65.175 71.104 
2310 3.51 51.54 27.81 9.35 7.46 5.61 62.511 69.533 
2320 3.52 54.49 29.95 9.52 7.38 4.96 63.962 67.714 
2330 3.52 54.98 29.93 10.60 7.88 6.31 64.49 66.623 
2340 3.53 54.49 29.92 11.10 8.05 6.04 63.374 67.123 
2350 3.53 55.08 29.84 11.02 6.88 6.80 64.503 67.847 
2360 3.53 57.36 31.01 11.23 8.53 5.27 67.412 68.268 
2370 3.55 58.04 33.39 10.88 8.32 5.27 68.623 71.648 
2380 3.56 61.66 32.73 12.79 8.24 6.21 69.688 72.44 
2390 3.60 62.12 34.17 13.28 8.92 5.50 69.948 73.042 
2400 3.67 62.80 35.86 12.16 8.79 7.33 73.323 75.23 
2410 3.72 63.75 35.04 12.58 9.33 7.43 73.367 74.445 
2420 3.78 64.97 35.77 11.62 8.65 7.56 75.195 76.151 
2430 3.81 64.59 34.84 13.03 8.71 8.47 73.126 72.833 
2440 3.80 65.34 35.48 11.35 9.48 8.80 73.749 74.329 
2450 3.80 61.94 33.11 13.40 9.94 6.57 71.027 71.098 
2460 3.77 59.54 34.49 13.38 11.92 8.23 71.371 66.588 
2470 3.74 60.63 32.79 13.21 9.83 8.91 67.693 66.273 
2480 3.70 60.21 33.95 15.28 10.13 8.66 69.627 63.506 
2490 3.72 59.70 34.07 13.13 7.79 10.46 69.128 65.302 
2500 3.70 60.46 37.48 14.27 8.82 9.04 69.867 65.297 
Table B.l - Percentage reflection of RAM A, RAM B, RAM C 0.5%, RAM C2%, RAM C3%, RAM 
C5%, Fl paper, photocopier paper within the region 400 - 2500nm. 
216 
Wavelength nm. Sample 1 Sample 2 Sample 3 
300 56.581 55.945 56.65 
310 59.43 59.001 59.795 
320 62.311 61.763 62.503 
330 68.75 68.304 68.849 
340 75.684 75.362 75.839 
350 79.855 79.854 80.055 
360 82.906 82.837 82.974 
370 85.013 84.831 85.016 
380 86.386 86.319 86.354 
390 87.619 87.52 87.587 
400 88.475 88.387 88.486 
410 89.391 89.348 89.372 
420 90.283 90.173 90.205 
430 90.924 90.82 90.842 
440 91.415 91.362 91.325 
450 92.023 91.907 91.971 
460 92.336 92.151 92.247 
470 92.657 92.537 92.601 
480 92.801 92.737 92.732 
490 92.982 92.902 92.9 
500 93.298 93.192 93.163 
510 93.401 93.307 93.286 
520 93.625 93.422 93.471 
530 93.462 93.433 93.416 
540 93.86 93.767 93.759 
550 93.742 93.594 93.672 
560 93.797 93.675 93.69 
570 94.385 94.27 94.368 
580 94.098 93.925 93.979 
590 94.194 94.06 94.128 
600 94.476 94.318 94.353 
610 94.632 94.508 94.543 
620 94.687 94.586 94.591 
630 94.702 94.519 94.576 
640 94.867 94.728 94.788 
650 94.911 94.733 94.774 
660 95.052 94.868 94.818 
670 95.087 94.865 94.894 
680 95.1 94.948 94.991 
690 95.198 94.991 95.012 
700 95.253 95.142 95.081 
710 95.213 95.081 95.07 
720 95.2 95.052 94.991 
730 95.091 95.056 95.067 
740 95.05 94.87 94.937 
750 94.739 94.701 94.736 
760 94.749 94.597 94.576 
770 95.001 94.78 94.885 
217 
780 95.258 95.076 95.032 
790 95.149 94.89 95.082 
800 95.253 95.169 95.035 
810 94.891 95.024 95.103 
820 95.1 94.925 94.887 
830 94.331 94.623 94.942 
840 95.29 94.495 95.413 
850 94.566 94.145 94.666 
860 93.684 94.762 94.832 
870 95.284 94.666 95.241 
880 94.765 94.579 94.234 
890 93.945 93.823 93.477 
900 93.614 93.161 93.41 
910 92.54 91.953 92.412 
920 91.199 91.159 91.231 
930 90.678 90.303 90.363 
940 91.859 91.776 91.803 
950 93.719 93.614 93.826 
960 94.531 94.508 94.374 
970 94.942 94.765 94.85 
980 94.905 94.83 94.827 
990 94.777 94.653 94.637 
1000 94.341 94.273 94.2 
1010 93.773 93.607 93.654 
1020 93.175 93.007 92.957 
1030 92.528 92.471 92.369 
1040 92.014 91.904 91.965 
1050 92.111 91.946 91.905 
1060 92.471 92.274 92.372 
1070 92.784 92.734 92.703 
1080 93.042 93.114 93.068 
1090 93.451 93.436 93.442 
1100 93.761 93.739 93.663 
1110 93.971 93.843 93.893 
1120 94.029 94.019 93.909 
1130 93.669 93.694 93.611 
1140 92.368 92.395 92.349 
1150 90.448 90.396 90.434 
1160 87.889 87.737 87.949 
1170 85.556 85.443 85.506 
1180 82.916 82.721 82.95 
1190 79.968 79.797 79.98 
1200 76.459 76.294 76.511 
1210 73.987 73.825 74.022 
1220 76.591 76.416 76.44 
1230 81.862 81.714 81.761 
1240 85.587 85.437 85.454 
1250 87.88 87.798 87.811 
1260 88.916 88.786 88.829 
218 
1270 89.359 89.211 89.236 
1280 90.102 89.903 89.926 
1290 90.459 90.453 90.395 
1300 90.813 90.714 90.752 
1310 91.19 91.182 91.147 
1320 91.563 91.508 91.486 
1330 92.119 92.105 92.082 
1340 92.303 92.29 92.232 
1350 92.126 92.174 92.198 
1360 90.82 90.724 90.961 
1370 88.02 87.923 88.081 
1380 85.046 84.676 84.993 
1390 82.091 82.06 82.179 
1400 84.328 84.32 84.355 
1410 84.485 84.424 84.576 
1420 85.117 85.127 85.226 
1430 86.803 86.713 86.865 
1440 88.332 88.312 88.304 
1450 90.17 90.07 90.108 
1460 91.225 90.945 91.078 
1470 91.266 91.243 91.406 
1480 90.891 90.714 90.952 
1490 90.556 90.306 90.596 
1500 89.178 88.959 89.186 
1510 86.198 86.185 86.314 
1520 83.844 83.714 83.841 
1530 81.851 81.677 81.802 
1540 81.682 81.633 81.737 
1550 85.213 85.049 85.21 
1560 84.369 84.247 84.294 
1570 81.987 81.903 82.104 
1580 82.06 81.856 82.045 
1590 82.829 82.683 83.017 
1600 82.23 81.909 82.262 
1610 83.65 83.44 83.492 
1620 84.996 84.799 84.769 
1630 86.671 86.583 86.594 
1640 87.109 86.931 86.961 
1650 86.749 86.513 86.552 
1660 85.577 85.747 85.721 
1670 84.375 84.212 84.459 
1680 81.86 81.485 81.642 
1690 76.225 75.781 76.187 
1700 68.352 68.024 68.428 
1710 61.226 60.811 61.635 
1720 54.53 54.305 55.087 
1730 50.816 50.499 51.109 
1740 59.387 59.222 59.465 
1750 61.78 61.411 61.903 
219 
1760 59.901 58.98 60.031 
1770 64.896 64.163 64.67 
1780 68.622 68.134 68.919 
1790 69.635 69.043 69.562 
1800 69.395 68.756 69.257 
1810 69.661 69.444 69.934 
1820 70.241 69.653 69.809 
1830 70.837 70.48 70.985 
1840 72.22 71.793 72.31 
1850 74.161 73.56 74.207 
1860 75.691 75.345 75.769 
1870 79.517 79.472 79.922 
1880 83.116 83.095 82.626 
1890 86.067 86.473 86.987 
1900 91.737 91.455 91.939 
1910 96.199 95.775 96.819 
1920 98.355 96.873 98.227 
1930 96.953 98.433 98.709 
1940 98.807 98.894 99.101 
1950 97.932 96.422 97.046 
1960 96.931 96.919 97.858 
1970 96.497 95.558 96.62 
1980 94.722 93.376 94.341 
1990 92.166 91.763 91.624 
2000 86.107 85.431 86.154 
2010 80.267 78.931 80.295 
2020 76.985 76.311 77.666 
2030 74.908 74.013 74.896 
2040 67.119 67.287 68.404 
2050 65.846 64.993 65.939 
2060 73.192 72.423 72.69 
2070 76.248 75.571 76.23 
2080 76.305 75.749 75.9 
2090 74.127 72.916 74.081 
2100 71.455 71.004 72.148 
2110 71.439 69.937 70.465 
2120 69.901 69.206 71.434 
2130 69.13 68.178 69.798 
2140 67.68 67.056 68.262 
2150 67.2 66.711 67.528 
2160 64.162 64.255 63.971 
2170 61.911 61.423 62.013 
2180 60.625 60.367 61.992 
2190 61.595 60.573 61.713 
2200 62.291 62.338 63.12 
2210 61.92 61.076 62.674 
2220 62.564 61.057 62.967 
2230 63.434 61.604 63.222 
2240 60.684 59.351 60.211 
220 
2250 58.009 57.518 58.884 
2260 54.836 53.593 55.867 
2270 49.599 47.971 50.06 
2280 41.954 41.13 42.444 
2290 35.989 35.104 37.163 
2300 30.482 28.793 30.307 
2310 26.823 25.584 27.936 
2320 37.462 35.42 37.498 
2330 40.26 39.45 38.972 
2340 32.457 32.646 35.063 
2350 28.755 27.086 29.868 
2360 33.72 33.148 34.685 
2370 32.654 32.13 33.153 
2380 31.425 31.808 32.149 
2390 32.545 31.88 34.456 
2400 35.922 33.171 34.628 
2410 35.886 33.275 36.859 
2420 37.727 36.319 38.651 
2430 41.1 38.582 40.561 
2440 45.811 41.455 45.993 
2450 47.643 43.269 48.134 
2460 50.279 49.127 50.658 
2470 52.429 49.808 50.313 
2480 56.827 53.093 55.263 
2490 55.576 55.569 57.199 
2500 57.233 58.534 60.434 
Figure B.2 - Reflectance data collected from the experimental powder 
1 
Appendix C 
Data produced from the EA V model 
222 
RAM Lamp Result Remove empty rows 
Wavelength 
RAM Wavelength Raw RAM x Wavelength RAM x 
Absorption Ratio om Data LAMP om LAMP 
om % 
0.93 300 
7.155E- 6.665E-
300 93.15 09 09 
300 6.665E-09 
0.93 310 
5.669E- 5.274E-
310 93.04 08 08 
310 5.274E-08 
0.94 320 
6.860E- 6.438E-
320 93.85 08 08 
320 6.438E-08 
0.94 330 
1.481E- 1.394E-
330 94.12 07 07 
330 1.394E-07 
0.94 340 
3.319E- 3.120E-
340 94.01 07 07 
340 3.120E-07 
0.93 350 
9.15IE- 8.540E-
350 93.32 07 07 
350 8.540E-07 
0.94 360 
1.752E- 1.652E-
360 94.26 06 06 
360 1.652E-06 
0.95 370 
1.888E- 1.789E-
370 94.76 06 06 
370 1.789E-06 
0.94 380 
3.967E- 3.713E-
380 93.61 06 06 
380 3.713E-06 
0.95 390 
8.391E- 7.941E- 390 
390 94.63 06 06 
7.94IE-06 
0.94 400 
1.655E- 1.559E- 400 
400 94.21 05 05 
1.559E-05 
0.95 410 
2.793E- 2.643E- 410 
410 94.66 05 05 
2.643E-05 
0.94 420 
4.269E- 4.034E- 420 
420 94.49 05 05 
4.034E-05 
0.94 430 
6.361E- 6.002E- 430 
430 94.35 05 05 
6.002E-05 
0.95 440 
9.519E- 9.020E- 440 
440 94.75 05 05 
9.020E-05 
0.95 450 
1.395E- 1.322E- 450 
450 94.76 04 04 
1.322E-04 
0.95 460 
2.091E- 1.980E- 460 
460 94.69 04 04 
1.980E-04 
0.95 470 
3.073E- 2.922E- 470 
470 95.08 04 04 
2.922E-04 
0.95 480 
3.862E- 3.661E- 480 
480 94.80 04 04 
3.661E-04 
0.95 490 
4.279E- 4.060E- 490 
490 94.90 04 04 
4.060E-04 
0.95 500 
4.178E- 3.953E- 500 3.953E-04 
500 94.63 04 04 
0.95 510 
3.902E- 3.703E- 510 3.703E-04 
510 94.89 04 04 
94.91 0.95 520 
4.133E- 3.922E- 520 3.922E-04 
520 04 04 
95.26 0.95 530 
4.093E- 3.899E- 530 3.899E-04 
530 04 04 
94.73 0.95 540 
4.054E- 3.840E- 540 3.840E-04 
540 04 04 
95.44 0.95 550 
4.311E- 4.115E- 550 4. 115E-04 
550 04 04 
94.87 0.95 560 
4.618E- 4.381E- 560 4.381E-04 
560 04 04 
223 
570 95.01 0.95 570 5.047E- 4.795E- 570 4.795E-04 04 04 
580 94.58 0.95 580 5.773E- 5.460E- 580 5.460E-04 04 04 
590 95.27 0.95 590 6.836E- 6.512E- 590 6.512E-04 04 04 
600 95.25 0.95 600 7.827E- 7.455E- 600 7.455E-04 04 04 
610 94.84 0.95 610 9.302E- 8.822E- 610 8.822E-04 04 04 
620 95.05 0.95 620 1.157E- 1.100E- 620 1.100E-03 03 03 
630 95.38 0.95 630 1.472E- 1.404E- 630 1.404E-03 03 03 
640 94.94 0.95 640 1. 865E- 1. 770E- 640 1.770E-03 03 03 
650 95.28 0.95 650 2.374E- 2.262E- 650 2.262E-03 03 03 
660 95.29 0.95 660 3.168E- 3.019E- 660 3.019E-03 03 03 
670 95.16 0.95 670 4.347E- 4.136E- 670 4. 136E-03 03 03 
680 95.17 0.95 680 6.040E- 5.748E- 680 5.748E-03 03 03 
690 94.92 0.95 690 8.207E- 7.790E- 690 7.790E-03 03 03 
700 94.81 0.95 700 1.080E-
1.024E- 700 1.024E-02 02 02 
710 95.15 0.95 710 1.406E- l.338E- 710 1.338E-02 02 02 
720 94.84 0.95 720 1.867E-
1.771E- 720 1.771E-02 02 02 
730 95.20 0.95 730 2.451E- 2.333E- 730 2.333E-02 02 02 
740 94.89 0.95 740 3.127E- 2.968E- 740 2.968E-02 02 02 
750 95.16 0.95 750 3.857E- 3.670E- 750 3.670E-02 02 02 
760 94.84 0.95 760 4.589E-
4.352E- 760 4.352E-02 02 02 
770 94.41 0.94 770 5.327E-
5.029E- 770 5.029E-02 02 02 
780 94.89 0.95 780 6.223E- 5.905E- 780 5.905E-02 02 02 
790 94.67 0.95 790 7.290E-
6.902E- 790 6.902E-02 02 02 
800 94.73 0.95 800 8.612E- 8.159E- 800 8.159E-02 02 02 
810 94.68 0.95 810 9.549E- 9.040E- 810 9.040E-02 02 02 
820 94.54 0.95 820 1.049E- 9.922E- 820 9.922E-02 01 02 
830 94.70 0.95 830 1. 117E- 1.058E- 830 1.058E-01 01 01 
840 94.26 0.94 840 1.163E- 1.096E- 840 1.096E-Ol 01 01 
850 94.34 0.94 850 1.224E- 1.155E- 850 1.155E-Ol 01 01 
860 94.24 0.94 860 1.246E- 1.174E- 860 1.174E-Ol 01 01 
224 
870 94.50 0.95 870 1.302E- 1.230E- 870 1.230E-Ol 01 01 
880 94.45 0.94 880 1.361E- 1.285E- 880 1.285E-Ol 01 01 
890 94.65 0.95 890 1.413E- 1.338E- 890 1.338E-Ol 01 01 
900 94.99 0.95 900 1.489E- 1.414E- 900 1.414E-Ol 01 01 
910 94.90 0.95 910 1.506E- 1.429E- 910 1.429E-Ol 01 01 
920 95.34 0.95 920 1.541£- 1.469E- 920 1.469E-Ol 01 01 
930 95.65 0.96 930 1.572E- 1.504E- 930 1.504E-Ol 01 01 
940 95.82 0.96 940 1.613E- 1.546E- 940 1.546E-Ol 01 01 
950 95.92 0.96 950 1.693E- 1.624E- 950 1.624E-Ol 01 01 
960 95.72 0.96 960 1.712E- 1.639E- 960 1.639E-Ol 01 01 
970 95.85 0.96 970 1.755E- 1.682E- 970 l.682E-01 01 01 
980 95.85 0.96 980 l.781E- 1.708E- 980 l.708E-01 01 01 
990 95.72 0.96 990 l.798E- 1.722E- 990 1.722E-Ol 01 01 
1000 95.84 0.96 1000 1.841E- 1.764E- 1000 l.764E-01 01 01 
95.72 0.96 1050 0.191 
95.73 0.96 1100 0.211 
95.83 0.96 1150 0.199 
95.72 0.96 1200 0.211 
1050 95.84 0.96 1050 1.992E- 1.909E- 1250 0.232 01 01 
95.94 0.96 1300 0.222 
95.85 0.96 1350 0.201 
95.92 0.96 1400 0.205 
95.80 0.96 1450 0.216 
1100 95.83 0.96 1100 2.197E- 2.105E- 1500 0.215 01 01 
95.90 0.96 1550 0.197 
95.80 0.96 1600 0.178 
95.88 0.96 1650 0.167 
95.91 0.96 1700 0.169 
1150 95.86 0.96 1150 2.075E- 1.989E- 1750 0.169 01 01 
95.87 0.96 1800 0.167 
95.91 0.96 1850 0.158 
95.95 0.96 1900 0.146 
95.82 0.96 1950 0.135 
1200 95.92 0.96 1200 2. 197E- 2.107E- 2000 0.126 01 01 
95.95 0.96 2050 0.117 
95.91 0.96 2100 0.111 
95.86 0.96 2150 0.107 
95.88 0.96 2200 0.103 
1250 95.78 0.96 1250 2.421£- 2.319E- 2250 0.101 
225 
01 01 
95.86 0.96 2300 0.097 
95.83 0.96 2350 0.093 
95.86 0.96 2400 0.087 
95.81 0.96 2450 0.079 
1300 95.74 0.96 1300 2.320E- 2.221E-01 01 2500 0.077 
95.79 0.96 
95.71 0.96 
95.80 0.96 
95.76 0.96 
1350 95.70 0.96 1350 2.098E- 2.007E-01 01 
95.70 0.96 
95.71 0.96 
95.78 0.96 
95.82 0.96 
1400 95.92 0.96 1400 2.135E- 2.048E-01 01 
95.99 0.96 
95.99 0.96 
96.07 0.96 
96.11 0.96 
1450 96.11 0.96 1450 2.246E- 2.159E-01 01 
96.10 0.96 
96.16 0.96 
96.21 0.96 
96.17 0.96 
1500 96.18 0.96 1500 2.230E- 2.145E-01 01 
96.22 0.96 
96.20 0.96 
96.20 0.96 
96.18 0.96 
1550 96.17 0.96 1550 2.05IE- 1.973E-01 01 
96.20 0.96 
96.26 0.96 
96.21 0.96 
96.19 0.96 
1600 96.19 0.96 1600 1. 847E- 1.776E-01 01 
96.24 0.96 
96.25 0.96 
96.25 0.96 
96.21 0.96 
1650 96.24 0.96 1650 1.73IE- 1.666E-01 01 
96.28 0.96 
96.24 0.96 
96.30 0.96 
96.27 0.96 
1700 96.32 0.96 1700 1.757E- 1.693E-01 01 
226 
96.26 0.96 
96.29 0.96 
96.33 0.96 
96.33 0.96 
1750 96.24 0.96 1750 1.759E- 1.693E-01 01 
96.30 0.96 
96.25 0.96 
96.34 0.96 
96.35 0.96 
1800 96.40 0.96 1800 1.730E- 1. 667E-01 01 
96.36 0.96 
96.34 0.96 
96.33 0.96 
96.37 0.96 
1850 96.43 0.96 1850 1.641£- 1.583E-01 01 
96.29 0.96 
96.43 0.96 
96.48 0.96 
96.60 0.97 
1900 96.30 0.96 1900 1.519E- 1.463E-01 01 
96.42 0.96 
96.48 0.96 
96.69 0.97 
96.42 0.96 
1950 96.80 0.97 1950 1.390E- 1.345E-01 01 
96.20 0.96 
96.37 0.96 
96.37 0.96 
96.39 0.96 
2000 96.40 0.96 2000 1.304E- 1.257E-01 01 
96.39 0.96 
96.41 0.96 
96.40 0.96 
96.41 0.96 
2050 96.42 0.96 2050 1.214E- 1.171E-01 01 
96.41 0.96 
96.42 0.96 
96.42 0.96 
96.44 0.96 
2100 96.44 0.96 2100 1.152E- 1.111E-01 01 
96.45 0.96 
96.46 0.96 
96.46 0.96 
96.46 0.96 
2150 96.47 0.96 2150 1.106E- 1.067E-01 01 
96.47 0.96 
227 
96.47 0.96 
96.47 0.96 
96.48 0.96 
2200 96.48 0.96 2200 1.072E- 1.034E-01 01 
96.48 0.96 
96.48 0.96 
96.48 0.96 
96.48 0.96 
2250 96.49 0.96 2250 1.047E- 1.0lOE-01 01 
96.49 0.96 
96.49 0.96 
96.49 0.96 
96.49 0.96 
2300 96.48 0.96 2300 1.004E- 9.685E-01 02 
96.49 0.96 
96.48 0.96 
96.48 0.96 
96.47 0.96 
2350 96.47 0.96 2350 9.617E- 9.278E-02 02 
96.47 0.96 
96.45 0.96 
96.45 0.96 
96.40 0.96 
2400 96.33 0.96 2400 9.062E- 8.729E-02 02 
96.28 0.96 
96.22 0.96 
96.19 0.96 
96.20 0.96 
2450 96.20 0.96 2450 8.199E- 7.888E-02 02 
96.23 0.96 
96.26 0.96 
96.30 0.96 
96.28 0.96 
2500 96.30 0.96 2500 8.030E-
7.734E-
02 02 
Table C.l - EA V model data for RAM A 
228 
RAM Lamp Result Remove empty rows 
Wavelength RAM Wavelength Raw Wavelength Absorption Ratio RAM x LAMP RAM x LAMP 
nm % nm Data nm 
300 50.27 0.50 300 7.155E- 3.596E-09 300 3.596E-09 09 
310 47.28 0.47 310 5.669E- 2.680E-08 310 2.680E-08 08 
320 42.31 0.42 320 6.860E- 2.902E-08 320 2.902E-08 08 
330 35.86 0.36 330 1.481E- 5.3lOE-08 330 5.31OE-08 07 
340 29.96 0.30 340 3.319E- 9.943E-08 340 9.943E-08 07 
350 27.07 0.27 350 9.151E- 2.477E-07 350 2.477E-07 07 
360 25.73 0.26 360 1.752E- 4.508E-07 360 4.508E-07 06 
370 25.12 0.25 370 1.888E- 4.743E-07 370 4.743E-07 06 
380 24.37 0.24 380 3.967E- 9.665E-07 380 9.665E-07 06 
390 23.10 0.23 390 8.391E- 1.938E-06 390 1.938E-06 06 
400 21.13 0.21 400 1.655E- 3.497E-06 400 3.497E-06 05 
410 17.93 0.18 410 2.793E- 5.008E-06 410 5.008E-06 05 
420 13.72 0.14 420 4.269E- 5.859E-06 420 5.859E-06 05 
430 11.02 0.11 430 6.36IE- 7.01IE-06 430 7.011E-06 05 
440 8.97 0.09 440 9.519E- 8.540E-06 440 8.540E-06 05 
450 7.78 0.08 450 1.395E- 1.085E-05 450 1.085E-05 04 
460 7.22 0.07 460 2.091E- 1.51IE-05 460 1.511E-05 04 
470 6.83 0.07 470 3.073E- 2.097E-05 470 2.097E-05 04 
480 6.81 0.07 480 3.862E- 2.631E-05 480 2.631E-05 04 
490 7.31 0.07 490 4.279E- 3.127E-05 490 3.127E-05 04 
500 8.29 0.08 500 4.178E- 3.463E-05 500 3.463E-05 04 
510 9.53 0.10 510 3.902E- 3.719E-05 510 3.719E-05 04 
520 11.15 0.11 520 4. 133E- 4.609E-05 520 4.609E-05 04 
530 12.17 0.12 530 4.093E- 4.979E-05 530 4.979E-05 04 
540 12.42 0.12 540 4.054E- 5.033E-05 540 5.033E-05 04 
550 12.91 0.13 550 4.31IE- 5.564E-05 550 5.564E-05 04 
560 13.61 0.14 560 4.618E- 6.287E-05 560 6.287E-05 04 
229 
570 12.97 0.13 570 5.047E- 6.543E-05 570 6.543E-05 04 
580 12.15 0.12 580 5.773E- 7.014E-05 580 7.014E-05 04 
590 10.75 0.11 590 6.836E- 7.345E-05 590 7.345E-05 04 
600 9.90 0.10 600 7.827E- 7.747E-05 600 7.747E-05 04 
610 9.75 0.10 610 9.302E- 9.066E-05 610 9.066E-05 04 
620 9.46 0.09 620 1.157E- 1.095E-04 620 1.095E-04 03 
630 8.52 0.09 630 l.472E- 1.254E-04 630 1.254E-04 03 
640 6.86 0.07 640 1.865E- 1.279E-04 640 1.279E-04 03 
650 5.32 0.05 650 2.374E- 1.262E-04 650 1.262E-04 03 
660 4.67 0.05 660 3.168E- 1.479E-04 660 1.479E-04 03 
670 4.81 0.05 670 4.347E- 2.091E-04 670 2.091E-04 03 
680 4.35 0.04 680 6.040E- 2.627E-04 680 2.627E-04 03 
690 4.09 0.04 690 8.207E- 3.356E-04 690 3.356E-04 03 
700 3.86 0.04 700 1.080E- 4. 170E-04 700 4. 170E-04 02 
710 3.54 0.04 710 1.406E- 4.979E-04 710 4.979E-04 02 
720 3.30 0.03 720 
1.867E- 6. 155E-04 720 6.155E-04 02 
730 2.90 0.03 730 2.451E- 7.102E-04 730 7.102E-04 02 
740 2.43 0.02 740 3.127E- 7.606E-04 740 7.606E-04 02 
750 1.99 0.02 750 3.857E- 7.667E-04 750 7.667E-04 02 
760 1.79 0.02 760 4.589E- 8.214E-04 760 8.214E-04 02 
770 1.49 0.Q1 770 5.327E- 7.932E-04 770 7.932E-04 02 
780 1.37 0.01 780 6.223E- 8.538E-04 780 8.538E-04 02 
790 0.95 0.01 790 7.290E- 6.962E-04 790 6.962E-04 02 
800 1.08 0.01 800 
8.612E- 9.276E-04 800 9.276E-04 02 
810 1.13 0.Q1 810 9.549E- 1.077E-03 810 1.077E-03 02 
820 1.13 0,01 820 1.049E- 1.184E-03 820 1.184E-03 01 
830 1.15 0.Q1 830 1.117E- 1.286E-03 830 1.286E-03 01 
840 1.98 0.02 840 1.163E- 2.307E-03 840 2.307E-03 01 
850 1.40 0.Q1 850 1.224E- 1.716E-03 850 1.716E-03 01 
860 1.01 0.01 860 1.246E- 1.254E-03 860 1.254E-03 01 
230 
870 0.75 0.01 870 l.302E- 9.815E-04 870 9.815E-04 01 
880 1.08 0.01 880 l.361E- 1.474E-03 880 1.474E-03 01 
890 1.51 0.02 890 l.413E- 2. 132E-03 890 2. 132E-03 01 
900 1.17 0.01 900 1.489E- 1.737E-03 900 1.737E-03 01 
910 1.31 0.01 910 1.506E- 1.976E-03 910 1.976E-03 01 
920 1.47 0.01 920 1.541E- 2.266E-03 920 2.266E-03 01 
930 1.42 0.01 930 1.572E- 2.239E-03 930 2.239E-03 01 
940 1.74 0.02 940 1.613E- 2.804E-03 940 2.804E-03 01 
950 1.43 0.01 950 1.693E- 2.416E-03 950 2.416E-03 01 
960 1.70 0.02 960 1.712E- 2.913E-03 960 2.913E-03 01 
970 1.78 0.02 970 1.755E- 3. 122E-03 970 3.122E-03 01 
980 1.65 0.02 980 1.781E- 2.945E-03 980 2.945E-03 01 
990 2.05 0.02 990 1.798E- 3.685E-03 990 3.685E-03 01 
1000 2.00 0.02 1000 1.841E- 3.687E-03 1000 3.687E-03 01 
2.18 0.02 1050 0.004 
1.97 0.02 1100 0.004 
2.07 0.02 1150 0.005 
1.96 0.02 1200 0.013 
1050 1.97 0.02 1050 1.992E- 3.927E-03 1250 0.011 01 
1.88 0.02 1300 0.007 
1.81 0.02 1350 0.010 
1.70 0.02 1400 0.020 
1.66 0.02 1450 0.045 
1100 1.60 0.02 1100 2.197E- 3.513E-03 1500 0.052 01 
1.53 0.02 1550 0.046 
1.49 0,01 1600 0.037 
1.59 0.02 1650 0.024 
1.65 0.02 1700 0.032 
1150 2.31 0.02 1150 2.075E- 4.787E-03 1750 0.033 01 
2.98 0.03 1800 0.028 
3.80 0.04 1850 0.022 
4.56 0.05 1900 0,018 
5.32 0.05 1950 0.017 
1200 6.00 0.06 1200 2.197E- l.318E-02 2000 0.012 01 
6.50 0.07 2050 0.030 
6.31 0.06 2100 0.040 
5.69 0.06 2150 0.035 
5.07 0.05 2200 0.028 
1250 4.65 0.05 1250 2.421E- 1.126E-02 2250 0.035 
231 
01 
4.21 0.04 2300 0.047 
4.11 0.04 2350 0.043 
3.82 0.04 2400 0.034 
3.37 0.03 2450 0.031 
1300 3.15 0.03 1300 2.320E- 7.297E-03 2500 0.032 01 
3.07 0.03 
3.16 0.03 
3.46 0.03 
4.11 0.04 
1350 4.95 0.05 1350 2.098E- 1.038E-02 01 
6.49 0.06 
7.24 0.07 
7.47 0.07 
8.27 0.08 
1400 9.54 0.10 1400 2.135E- 2.037E-02 01 
11.77 0.12 
14.89 0.15 
17.32 0.17 
19.00 0.19 
1450 20.08 0.20 1450 2.246E- 4.511E-02 01 
21.25 0.21 
22.28 0.22 
23.06 0.23 
23.39 0.23 
1500 23.31 0.23 1500 2.230E- 5. 199E-02 01 
22.81 0.23 
22.38 0.22 
22.44 0.22 
22.39 0.22 
1550 22.29 0.22 1550 2.051E- 4.573E-02 01 
22.1 1 0.22 
22.03 0.22 
21.83 0.22 
21.25 0.21 
1600 19.85 0.20 1600 1.847E- 3.666E-02 01 
18.38 0.18 
16.81 0.17 
15.64 0.16 
14.64 0.15 
1650 13.86 0.14 1650 1.731E- 2.400E-02 01 
13.35 0.13 
13.46 0.13 
14.78 0.15 
16.54 0.17 
1700 18.47 0.18 1700 1.757E- 3.246E-02 01 
232 
19.78 0.20 
21.09 0.21 
20.64 0.21 
19.25 0.19 
1750 18.89 0.19 1750 1.759E- 3.323E-02 01 
19.50 0.19 
18.84 0.19 
17.84 0.18 
17.44 0.17 
1800 16.47 0.16 1800 1.730E- 2.849E-02 01 
16.43 0.16 
16.15 0.16 
15.99 0.16 
15.21 0.15 
1850 13.59 0.14 1850 1.641E- 2.230E-02 01 
13.01 0.13 
11.86 0.12 
10.28 0.10 
10.63 0.11 
1900 11.88 0.12 1900 l.519E- 1.805E-02 01 
14.49 0.14 
14.63 0.15 
14.35 0.14 
13.60 0.14 
1950 12.01 0.12 1950 l.390E- 1.668E-02 01 
10.63 0.11 
10.21 0.10 
9.94 0.10 
9.09 0.09 
2000 9.28 0.09 2000 1.304E- 1.210E-02 01 
11.01 0.11 
14.40 0.14 
17.25 0.17 
20.90 0.21 
2050 24.78 0.25 2050 1.214E- 3.009E-02 01 
27.65 0.28 
30.49 0.30 
33.47 0.33 
34.04 0.34 
2100 35.11 0.35 2100 1.152E- 4.046E-02 01 
34.11 0.34 
35.21 0.35 
33.55 0.34 
32.91 0.33 
2150 31.82 0.32 2150 1.106E- 3.520E-02 01 
29.98 0.30 
233 
29.00 0.29 
27.76 0.28 
27.79 0.28 
2200 26.38 0.26 2200 1.072E- 2.827E-02 01 
26.55 0.27 
26.14 0.26 
27.41 0.27 
30.44 0.30 
2250 33.89 0.34 2250 1.047E- 3.547E-02 01 
38.33 0.38 
40.40 0.40 
41.25 0.41 
42.67 0.43 
2300 46.46 0.46 2300 1.004E- 4.664E-02 01 
48.46 0.48 
45.51 0.46 
45.02 0.45 
45.51 0.46 
2350 44.92 0.45 2350 
9.617E- 4.320E-02 02 
42.65 0.43 
41.96 0.42 
38.34 0.38 
37.88 0.38 
2400 37.20 0.37 2400 9.062E- 3.37IE-02 02 
36.26 0.36 
35.03 0.35 
35.41 0.35 
34.66 0.35 
2450 38.06 0.38 2450 8.199E- 3.121E-02 02 
40.46 0.40 
39.37 0.39 
39.79 0.40 
40.30 0.40 
2500 39.54 0.40 2500 8.030E- 3.175E-02 02 
Table C.2 - EA V model data for RAM B 
234 
RAM Lamp Result Remove empty rows 
Wavelength RAM Wavelength Raw Wavelength Absorption Ratio RAM x LAMP RAM x LAMP 
nm 0/0 nm Data nm 
300 57.66 0.58 300 7.155E- 4. 125E-09 300 4. 125E-09 09 
310 54.45 0.54 310 5.669E- 3.087E-08 310 3.087E-08 08 
320 48.60 0.49 320 6.860E- 3.334E-08 320 3.334E-08 08 
330 40.93 0.41 330 1.481E- 6.061E-08 330 6.061E-08 07 
340 33.84 0.34 340 3.319E- 1.123E-07 340 1.123E-07 07 
350 30.26 0.30 350 9.151E- 2.769E-07 350 2.769E-07 07 
360 28.49 0.28 360 1.752E- 4.993E-07 360 4.993E-07 06 
370 27.65 0.28 370 1.888E- 5.221E-07 370 S.221E-07 06 
380 26.88 0.27 380 3.967E- 1.066E-06 380 1.066E-06 06 
390 25.61 0.26 390 8.391E- 2. 149E-06 390 2. 149E-06 06 
400 23.68 0.24 400 
1.655E- 3.919E-06 400 3.919E-06 05 
410 20.34 0.20 410 
2.793E- 5.680E-06 410 5.680E-06 05 
420 15.78 0.16 420 
4.269E- 6.738E-06 420 6.738E-06 05 
430 12.74 0.13 430 
6.361E- 8.105E-06 430 8.105E-06 05 
440 10.44 0.10 440 9.519E- 9.935E-06 440 9.935E-06 05 
450 9.01 0.09 450 1.395E- 1.257E-05 450 1.257E-05 04 
460 8.35 0.08 460 2.09IE- 1.746E-05 460 1.746E-05 04 
470 7.82 0.08 470 3.073E- 2.404E-05 470 2.404E-05 04 
480 7.80 0.08 480 
3.862E- 3.012E-05 480 3.012E-05 04 
490 8.25 0.08 490 4.279E- 3.529E-05 490 3.529E-05 04 
500 9.11 0.09 500 4.178E- 3.804E-05 500 3.804E-05 04 
510 10.38 0.10 510 3.902E- 4.049E-05 510 4.049E-05 04 
520 11.94 0.12 520 4.133E- 4.934E-05 520 4.934E-05 04 
530 13.07 0.13 530 4.093E- 5.347E-05 530 5.347E-05 04 
540 13.31 0.13 540 4.054E- 5.397E-05 540 5.397E-05 04 
550 13.78 0.14 550 4.311E- 5.942E-05 550 5.942E-05 04 
560 14.57 0.15 560 4.618E- 6.726E-05 560 6.726E-05 04 
235 
570 l3.91 0.14 570 5.047E- 7.020E-05 570 7.020E-05 04 
580 13.14 0.13 580 5.773E- 7.587E-05 580 7.587E-05 04 
590 11.77 0.12 590 6.836E- 8.042E-05 590 8.042E-05 04 , 
600 10.98 0.11 600 7.827E- 8.593E-05 600 8.593E-05 04 
610 10.92 0.11 610 9.302E- 1.0 16E-04 610 1.0 16E-04 04 
620 10.65 0.11 620 1.157E- 1.232E-04 620 1.232E-04 03 
630 9.74 0.10 630 1.472E- 1.433E-04 630 1.433E-04 03 
640 8.20 0.08 640 1.865E- 1.529E-04 640 1.529E-04 03 
650 6.77 0.07 650 2.374E- 1.607E-04 650 1.607E-04 03 
660 6.18 0.06 660 3.168E- 1.957E-04 660 1.957E-04 03 
670 6.26 0.06 670 4.347E- 2.719E-04 670 2.719E-04 03 
680 5.99 0.06 680 6.040E- 3.615E-04 680 3.615E-04 03 
690 5.78 0.06 690 8.207E- 4.743E-04 690 4.743E-04 03 
700 5.68 0.06 700 1.080E- 6.130E-04 700 6.130E-04 02 
710 5.47 0.05 710 1.406E- 7.693E-04 710 7.693E-04 02 
720 5.21 0.05 720 1.867E- 9.727E-04 720 9.727E-04 02 
730 4.88 0.05 730 
2.45 lE- 1.196E-03 730 1.196E-03 02 
740 4.54 0.05 740 3.127E- 1.420E-03 740 1.420E-03 02 
750 4.30 0.04 750 3.857E- 1.657E-03 750 1.657E-03 02 
760 4.09 0.04 760 4.589E- 1.876E-03 760 1.876E-03 02 
770 3.97 0.04 770 5.327E- 2.113E-03 770 2.113E-03 02 
780 4.02 0.04 780 
6.223E- 2.504E-03 780 2.504E-03 02 
790 3.94 0.04 790 7.290E- 2.870E-03 790 2.870E-03 02 
800 3.94 0.04 800 8.612E- 3.396E-03 800 3.396E-03 02 
810 4.16 0.04 810 9.549E- 3.975E-03 810 3.975E-03 02 
820 4.22 0.04 820 1.049E- 4.433E-03 820 4.433E-03 01 
830 5.24 0.05 830 1.117E- 5.851E-03 830 5.851E-03 01 
840 5.58 0.06 840 1.163E- 6.491E-03 840 6.491E-03 01 
850 4.54 0.05 850 1.224E- 5.559E-03 850 5.559E-03 01 
860 4.46 0.04 860 1. 246E- 5.558E-03 860 5.558E-03 01 
236 
870 5.82 0.06 870 1.302E- 7.569E-03 870 7.569E-03 01 
880 5.70 0.06 880 1.361E- 7.759E-03 880 7.759E-03 01 
890 5.23 0.05 890 1.413E- 7.387E-03 890 7.387E-03 01 
900 6.19 0.06 900 1.489E- 9.210E-03 900 9.210E-03 01 
910 6.07 0.06 910 1.506E- 9. 142E-03 910 9.142E-03 01 
920 6.18 0.06 920 1.541E- 9.513E-03 920 9.513E-03 01 
930 6.47 0.06 930 1.572E- 1.0 17E-02 930 1.017E-02 01 
940 6.79 0.07 940 1.613E- 1.095E-02 940 1.095E-02 01 
950 7.14 0.07 950 1.693E- 1.209E-02 950 1.209E-02 01 
960 7.46 0.07 960 1.712E- 1.277E-02 960 1. 277E-02 01 
970 7.88 0.08 970 1.755E- 1.383E-02 970 1.383E-02 01 
980 8.08 0.08 980 1.781£- 1.440E-02 980 1.440E-02 01 
990 8.58 0.09 990 1.798E- 1.543E-02 990 1.543E-02 01 
1000 8.82 0.09 1000 1.841£- 1.624E-02 1000 1.624E-02 01 
9.22 0.09 1050 0.021 
9.48 0.09 1100 0.029 
9.96 0.10 1150 0.036 
10.28 0.10 1200 0.055 
1050 10.70 0.11 1050 1.992E- 2. 133E-02 1250 0.074 01 
11.07 0.11 1300 0.087 
11.44 0.11 1350 0.095 
11.95 0.12 1400 0.111 
12.47 0.12 1450 0.133 
1100 13.02 0.13 1100 2.197E- 2.861E-02 1500 0.141 01 
13.53 0.14 1550 0.134 
14.28 0.14 1600 0.123 
15.16 0.15 1650 0.115 
16.01 0.16 1700 0.119 
1150 17.34 0.17 1150 2.075E- 3.597E-02 1750 0.120 01 
18.65 0.19 1800 0.117 
20.26 0.20 1850 0.110 
21.75 0.22 1900 0.096 
23.42 0.23 1950 0.084 
1200 25.10 0.25 1200 2.197E- 5.515E-02 2000 0.080 01 
26.69 0.27 2050 0.079 
27.74 0.28 2100 0.079 
28.53 0.29 2150 0.075 
29.47 0.29 2200 0.069 
1250 30.64 0.31 1250 2.421E- 7.417E-02 2250 0.069 
237 
01 
31.91 0.32 2300 0.071 
33.27 0.33 2350 0.067 
34.67 0.35 2400 0.058 
35.99 0.36 2450 0.055 
1300 37.42 0.37 1300 2.320E- 8.680E-02 2500 0.050 01 
38.89 0.39 
40.36 0.40 
41.96 0.42 
43.61 0.44 
1350 45.39 0.45 1350 2.098E- 9.520E-02 01 
47.19 0.47 
48.72 0.49 
49.66 0.50 
50.86 0.51 
1400 52.07 0.52 1400 2.135E- 1.112E-Ol 01 
53.57 0.54 
55.30 0.55 
57.08 0.57 
58.25 0.58 
1450 59.38 0.59 1450 
2.246E- 1.334E-Ol 01 
60.30 0.60 
61.11 0.61 
62.16 0.62 
62.80 0.63 
1500 63.42 0.63 1500 2.230E- 1.414E-01 01 
63.76 0.64 
64.20 0.64 
64.76 0.65 
65.04 0.65 
1550 65.49 0.65 1550 2.05IE- 1.343E-01 01 
65.95 0.66 
66.13 0.66 
66.46 0.66 
66.51 0.67 
1600 66.71 0.67 1600 1.847E- 1.232E-01 01 
66.55 0.67 
66.51 0.67 
66.36 0.66 
66.42 0.66 
1650 66.37 0.66 1650 1.73IE- 1.149E-01 01 
66.70 0.67 
66.37 0.66 
67.00 0.67 
67.64 0.68 
1700 67.98 0.68 1700 1.757E- 1.195E-OI 01 
238 
68.46 0.68 
68.59 0.69 
68.83 0.69 
68.26 0.68 
1750 68.02 0.68 1750 1.759E- 1.197E-Ol 01 
68.31 0.68 
68.00 0.68 
67.87 0.68 
67.64 0.68 
1800 67.36 0.67 1800 1.730E- 1.165E-Ol 01 
67.61 0.68 
67.32 0.67 
67.22 0.67 
66.75 0.67 
1850 66.71 0.67 1850 1.641E- 1.095E-Ol 01 
65.86 0.66 
65.03 0.65 
64.57 0.65 
63.44 0.63 
1900 63.14 0.63 1900 1.519E- 9.591E-02 01 
62.83 0.63 
62.53 0.63 
62.03 0.62 
60.90 0.61 
1950 60.55 0.61 1950 1.390E- 8.414E-02 01 
60.07 0.60 
60.29 0.60 
60.81 0.61 
60.23 0.60 
2000 61.37 0.61 2000 1.304E- 8.003E-02 01 
61.17 0.61 
61.96 0.62 
62.85 0.63 
63.98 0.64 
2050 64.87 0.65 2050 1.214E- 7.876E-02 01 
66.66 0.67 
68.08 0.68 
67.74 0.68 
68.60 0.69 
2100 68.40 0.68 2100 1.152E- 7.883E-02 01 
68.09 0.68 
68.59 0.69 
67.82 0.68 
67.45 0.67 
2150 67.49 0.67 2150 1.106E- 7.465E-02 01 
65.87 0.66 
239 
65.79 0.66 
65.05 0.65 
64.42 0.64 
2200 64.13 0.64 2200 1.072E- 6.873E-02 01 
64.08 0.64 
64.75 0.65 
63.73 0.64 
64.31 0.64 
2250 66.12 0.66 2250 1.047E- 6.921E-02 01 
67.89 0.68 
69.28 0.69 
68.98 0.69 
69.98 0.70 
2300 71.21 0.71 2300 1.004E- 7. 149E-02 01 
72.19 0.72 
70.05 0.70 
70.07 0.70 
70.08 0.70 
2350 70.16 0.70 2350 9.617E- 6.748E-02 02 
68.99 0.69 
66.61 0.67 
67.27 0.67 
65.83 0.66 
2400 64.14 0.64 2400 9.062E- 5.812E-02 02 
64.96 0.65 
64.23 0.64 
65.16 0.65 
64.53 0.65 
2450 66.89 0.67 2450 8.199E- 5.484E-02 02 
65.51 0.66 
67.21 0.67 
66.05 0.66 
65.93 0.66 
2500 62.52 0.63 2500 8.030E- 5.02IE-02 02 
Table C.3 - EAV model data for RAM C 0.5% 
240 
RAM Lamp Result Remove empty rows 
Wavelength RAM Wavelength Raw Wavelength Absorption Ratio RAM x LAMP RAM x LAMP 
nm 0/0 
nm Data nm 
300 68.29 0.68 300 
7.15SE- 4.886E-09 300 4.886E-09 09 
310 63.91 0.64 310 
5.669E- 3.623E-08 310 3.623E-08 08 
320 S6.68 0.57 320 6.860E- 3.888E-08 320 3.888E-08 08 
330 47.93 0.48 330 
1.481E- 7.099E-08 330 7.099E-08 07 
340 39.66 0.40 340 
3.319E- 1.316E-07 340 l.316E-07 07 
350 35.22 O.3S 3S0 
9.151E- 3.223E-07 3S0 3.223E-07 07 
360 32.93 0.33 360 
1.752E- S.77lE-07 360 S.77lE-07 06 
370 31.69 0.32 370 
1.888E- S.982E-07 370 S.982E-07 06 
380 30.6S 0.31 380 
3.967E- 1.216E-06 380 1.216E-06 06 
390 29.47 0.29 390 
8.391E- 2.473E-06 390 2.473E-06 06 
400 27.5S 0.28 400 1.6SSE- 4.5S9E-06 400 4.559E-06 OS 
410 24.31 0.24 410 
2.793E- 6.789E-06 410 6.789E-06 OS 
420 19.80 0.20 420 
4.269E- 8.454E-06 420 8.454E-06 OS 
430 16.57 0.17 430 6.361E- 1.054E-OS 430 1.054E-OS OS 
440 14.11 0.14 440 
9.519E- l.343E-OS 440 l.343E-OS OS 
4S0 12.61 0.13 4S0 1.39SE- 1.760E-OS 450 1.760E-OS 04 
460 11.84 0.12 460 
2.09lE- 2.474E-05 460 2.474E-OS 04 
470 11.24 0.11 470 3.073E- 3.45SE-OS 470 3.45SE-OS 04 
480 11.16 0.11 480 3.862E- 4.31lE-OS 480 4.3IlE-OS 04 
490 11.61 0.12 490 4.279E- 4.969E-OS 490 4.969E-05 04 
SOO 12.38 0.12 SOO 
4.178E- 5.171E-OS 500 5.171E-05 04 
S10 13.S4 0.14 S10 
3.902E- S.282E-OS 510 S.282E-05 04 
S20 15.15 O.IS S20 4.133E- 6.261E-OS 520 6.261E-05 04 
S30 16.11 0.16 S30 4.093E- 6.S93E-OS 530 6.593E-05 04 
S40 16.48 0.16 S40 4.0S4E- 6.68lE-05 540 6.68lE-05 04 
5S0 17.07 0.17 S50 4.3llE- 7.358E-05 5S0 7.3S8E-05 04 
S60 17.78 0.18 S60 4.618E- 8.212E-05 560 8.212E-05 04 
241 
570 17.30 0.17 570 5.047E- 8.732E-05 570 8.732E-05 04 
580 16.72 0.17 580 5.773E- 9.650E-05 580 9.650E-05 04 
590 15.54 0.16 590 6.836E- 1.062E-04 590 1.062E-04 04 
600 14.98 0.15 600 7.827E- 1.173E-04 600 1.173E-04 04 
610 14.94 0.15 610 9.302E- 1.390E-04 610 1.390E-04 04 
620 14.87 0.15 620 1.157E- 1.720E-04 620 1.720E-04 03 
630 14.14 0.14 630 1.472E- 2.081E-04 630 2.081E-04 03 
640 12.89 0.13 640 1.865E- 2.404E-04 640 2.404E-04 03 
650 11.82 0.12 650 
2.374E- 2.806E-04 650 2.806E-04 03 
660 11.47 0.11 660 3.168E- 3.634E-04 660 3.634E-04 03 
670 11.75 0.l2 670 
4.347E- 5.l06E-04 670 5.106E-04 03 
680 11.73 0.12 680 6.040E- 7.087E-04 680 7.087E-04 03 
690 11.82 0.12 690 
8.207E- 9.700E-04 690 9.700E-04 03 
700 11.90 0.12 700 1.080E- 1.285E-03 700 1.285E-03 02 
710 11.93 0.12 710 1.406E- 1.678E-03 710 1.678E-03 02 
720 11.98 0.12 720 1.867E- 2.237E-03 720 2.237E-03 02 
730 11.92 0.12 730 
2.451E- 2.920E-03 730 2.920E-03 02 
740 11.97 0.l2 740 
3.127E- 3.745E-03 740 3.745E-03 02 
750 12.13 0.12 750 3.857E- 4.676E-03 750 4.676E-03 02 
760 12.26 0.l2 760 4.589E- 5.627E-03 760 5.627E-03 02 
770 12.35 0.12 770 
5.327E- 6.580E-03 770 6.580E-03 02 
780 12.68 0.13 780 6.223E- 7.892E-03 780 7.892E-03 02 
790 13.11 0.13 790 
7.290E- 9.558E-03 790 9.558E-03 02 
800 13.60 0.14 800 
8.612E- 1.171E-02 800 1.171E-02 02 
810 13.81 0.l4 810 
9.549E- 1.318E-02 810 1.318E-02 02 
820 14.28 0.l4 820 
1.049E- 1.498E-02 820 1.498E-02 01 
830 14.91 0.l5 830 1.117E- 1.665E-02 830 1.665E-02 01 
840 15.60 0.16 840 1.163E- 1.814E-02 840 1.814E-02 01 
850 15.96 0.16 850 1.224E- 1.954E-02 850 1.954E-02 01 
860 16.05 0.16 860 1.246E- 1.999E-02 860 1.999E-02 01 
242 
870 17.14 0.17 870 1.302E- 2.231E-02 870 2.231E-02 01 
880 16.90 0.17 880 1.361E- 2.300E-02 880 2.300E-02 01 
890 17.88 0.18 890 1.413E- 2.527E-02 890 2.527E-02 01 
900 18.96 0.19 900 1.489E- 2.822E-02 900 2.822E-02 01 
910 19.70 0.20 910 1.506E- 2.966E-02 910 2.966E-02 01 
920 20.29 0.20 920 1.54IE- 3.125E-02 920 3.125E-02 01 
930 21.13 0.21 930 1.572E- 3.321E-02 930 3.321E-02 01 
940 21.76 0.22 940 1.613E- 3.510E-02 940 3.510E-02 01 
950 22.39 0.22 950 1.693E- 3.79IE-02 950 3.79IE-02 01 
960 23.29 0.23 960 1.712E- 3.988E-02 960 3.988E-02 01 
970 24.22 0.24 970 1.755E- 4.250E-02 970 4.250E-02 01 
980 25.08 0.25 980 1.781E- 4.468E-02 980 4.468E-02 01 
990 26.05 0.26 990 1.798E- 4.686E-02 990 4.686E-02 01 
1000 26.81 0.27 1000 1.84IE- 4.936E-02 1000 4.936E-02 01 
27.90 0.28 1050 0.064 
28.89 0.29 1100 0.084 
29.92 0.30 1150 0.097 
31.07 0.31 1200 0.126 
1050 32.21 0.32 1050 1.992E- 6.417E-02 1250 0.160 01 
33.20 0.33 1300 0.172 
34.53 0.35 1350 0.169 
35.58 0.36 1400 0.180 
37.05 0.37 1450 0.196 
1100 38.45 0.38 1100 2.197E- 8.448E-02 1500 0.199 01 
39.91 0.40 1550 0.186 
41.64 0.42 1600 0.169 
43.29 0.43 1650 0.159 
44.96 0.45 1700 0.161 
1150 46.83 0.47 1150 2.075E- 9.717E-02 1750 0.162 01 
48.86 0.49 1800 0.158 
50.87 0.51 1850 0.150 
52.92 0.53 1900 0.137 
55.04 0.55 1950 0.124 
1200 57.24 0.57 1200 2.197E- 1.258E-Ol 2000 0.116 01 
59.26 0.59 2050 0.109 
60.95 0.61 2100 0.105 
62.60 0.63 2150 0.099 
64.15 0.64 2200 0.095 
1250 65.92 0.66 1250 2.42IE- 1.596E-Ol 2250 0.093 
243 
01 
67.55 0.68 2300 0.091 
69.40 0.69 2350 0.086 
70.99 0.71 2400 0.080 
72.54 0.73 2450 0.071 
l300 74.01 0.74 l300 2.320E- 1.717E-Ol 2500 0.069 01 
75.44 0.75 
76.72 0.77 
78.01 0.78 
79.07 0.79 
l350 80.34 0.80 l350 2.098E- 1.685E-Ol 01 
81.49 0.81 
82.32 0.82 
83.05 0.83 
83.79 0.84 
1400 84.37 0.84 1400 2. 135E- 1.802E-Ol 01 
84.98 0.85 
85.69 0.86 
86.30 0.86 
86.91 0.87 
1450 87.31 0.87 1450 2.246E- 1.96lE-01 01 
87.87 0.88 
88.36 0.88 
88.68 0.89 
89.04 0.89 
1500 89.27 0.89 1500 2.230E- 1.99lE-01 01 
89.57 0.90 
89.81 0.90 
90.12 0.90 
90.34 0.90 
1550 90.52 0.91 1550 2.05lE- 1.857E-Ol 01 
90.72 0.91 
90.89 0.91 
91.10 0.91 
91.22 0.91 
1600 91.29 0.91 1600 1. 847E- 1.686E-Ol 01 
91.45 0.91 
91.39 0.91 
91.50 0.92 
91.53 0.92 
1650 91.60 0.92 1650 1.73lE- 1.586E-Ol 01 
91.64 0.92 
91.53 0.92 
91.66 0.92 
91.82 0.92 
1700 91.85 0.92 1700 1.757E- 1.614E-Ol 01 
244 
91.99 0.92 
92.01 0.92 
92.09 0.92 
91.87 0.92 
1750 91.86 0.92 1750 1.759E- 1.616E-Ol 01 
91.99 0.92 
91.91 0.92 
91.77 0.92 
92.04 0.92 
1800 91.39 0.91 1800 1.730E- l.58IE-01 01 
91.89 0.92 
91.77 0.92 
91.18 0.91 
91.74 0.92 
1850 91.64 0.92 1850 1.641E- 1.504E-Ol 01 
91.85 0.92 
91.58 0.92 
90.85 0.91 
90.03 0.90 
1900 89.87 0.90 1900 
1.519E- 1.365E-Ol 01 
89.53 0.90 
90.07 0.90 
88.95 0.89 
89.37 0.89 
1950 89.08 0.89 1950 
1.390E- 1.238E-Ol 01 
88.97 0.89 
89.22 0.89 
89.92 0.90 
89.18 0.89 
2000 88.71 0.89 2000 1.304E- 1.157E-Ol 01 
89.07 0.89 
89.60 0.90 
89.62 0.90 
90.15 0.90 
2050 90.08 0.90 2050 1.214E- 1.094E-Ol 01 
89.94 0.90 
90.41 0.90 
90.22 0.90 
91.21 0.91 
2100 90.87 0.91 2100 1.152E- 1.047E-Ol 01 
90.10 0.90 
89.72 0.90 
90.46 0.90 
89.58 0.90 
2150 89.59 0.90 2150 1.106E- 9.909E-02 01 
90.45 0.90 
245 
89.17 0.89 
89.90 0.90 
89.80 0.90 
2200 88.27 0.88 2200 l.072E- 9.460E-02 01 
88.26 0.88 
87.77 0.88 
88.62 0.89 
89.11 0.89 
2250 88.41 0.88 2250 l.047E- 9.254E-02 01 
89.86 0.90 
88.91 0.89 
89.44 0.89 
89.67 0.90 
2300 90.51 0.91 2300 1.004E- 9.086E-02 01 
90.65 0.91 
90.48 0.90 
89.40 0.89 
88.90 0.89 
2350 88.99 0.89 2350 
9.617E- 8.558E-02 02 
88.77 0.89 
89.13 0.89 
87.21 0.87 
86.72 0.87 
2400 87.84 0.88 2400 9.062E- 7.960E-02 02 
87.42 0.87 
88.38 0.88 
86.97 0.87 
88.65 0.89 
2450 86.60 0.87 2450 
8.199E- 7.101E-02 02 
86.62 0.87 
86.80 0.87 
84.72 0.85 
86.87 0.87 
2500 85.73 0.86 2500 
8.030E- 6.885E-02 02 
Table C.4 - EA V model data for RAM C 2% 
246 
RAM Lamp Result Remove empty rows 
Wavelength RAM Wavelength Raw Wavelength Absorption Ratio RAM x LAMP RAM x LAMP 
nm % nm Data om 
300 71.87 0.72 300 
7.155E- 5.142E-09 300 5. 142E-09 09 
310 66.23 0.66 310 5.669E- 3.755E-08 310 3.755E-08 08 
320 58.50 0.58 320 
6.860E- 4.0 13E-08 320 4.0 13E-08 08 
330 50.34 0.50 330 
1.481E- 7.455E-08 330 7.455E-08 07 
340 43.25 0.43 340 
3.319E- 1.435E-07 340 1.435E-07 07 
350 39.48 0.39 350 
9.151E- 3.613E-07 350 3.613E-07 07 
360 37.45 0.37 360 
1.752E- 6.563E-07 360 6.563E-07 06 
370 36.38 0.36 370 
1.888E- 6.868E-07 370 6.868E-07 06 
380 35.44 0.35 380 
3.967E- 1.406E-06 380 1.406E-06 06 
390 34.16 0.34 390 
8.391E- 2.866E-06 390 2.866E-06 06 
400 32.36 0.32 400 
1.655E- 5.357E-06 400 5.357E-06 05 
410 29.47 0.29 410 
2.793E- 8.228E-06 410 8.228E-06 05 
420 25.96 0.26 420 
4.269E- 1.108E-05 420 1.108E-05 05 
430 24.20 0.24 430 
6.36IE- 1.539E-05 430 1.539E-05 05 
440 23.17 0.23 440 
9.519E- 2.205E-05 440 2.205E-05 05 
450 22.67 0.23 450 
1.395E- 3.163E-05 450 3.163E-05 04 
460 22.60 0.23 460 
2.091E- 4.725E-05 460 4.725E-05 04 
470 22.59 0.23 470 
3.073E- 6.943E-05 470 6.943E-05 04 
480 22.98 0.23 480 
3.862E- 8.875E-05 480 8.875E-05 04 
490 23.64 0.24 490 
4.279E- 1.011E-04 490 1.01IE-04 04 
500 24.47 0.24 500 
4.178E- 1.022E-04 500 1.022E-04 04 
510 25.59 0.26 510 
3.902E- 9.984E-05 510 9.984E-05 04 
520 26.85 0.27 520 
4.133E- 1.110E-04 520 1.110E-04 04 
530 27.78 0.28 530 
4.093E- 1. 137E-04 530 1.137E-04 04 
540 28.09 0.28 540 4.054E- 1.139E-04 540 1.139E-04 04 
550 28.74 0.29 550 4.3l1E- 1.239E-04 550 1.239E-04 04 
560 29.48 0.29 560 4.618E- l.361E-04 560 l.361E-04 04 
247 
570 29.24 0.29 570 5.047E- 1.476E-04 570 1.476E-04 04 
580 29.10 0.29 580 5.773E- 1.680E-04 580 1.680E-04 04 
590 28.53 0.29 590 
6.836E- 1.950E-04 590 1.950E-04 04 
600 28.32 0.28 600 
7.827E- 2.217E-04 600 2.217E-04 04 
610 28.57 0.29 610 9.302E- 2.658E-04 610 2.658E-04 04 
620 28.74 0.29 620 
1.157E- 3.326E-04 620 3.326E-04 03 
630 28.58 0.29 630 
1.472E- 4.207E-04 630 4.207E-04 03 
640 27.93 0.28 640 
1.865E- 5.207E-04 640 5.207E-04 03 
650 27.50 0.28 650 
2.374E- 6.530E-04 650 6.530E-04 03 
660 27.37 0.27 660 
3.l68E- 8.673E-04 660 8.673E-04 03 
670 27.70 0.28 670 
4.347E- 1.204E-03 670 1.204E-03 03 
680 27.97 0.28 680 
6.040E- 1.689E-03 680 1.689E-03 03 
690 28.25 0.28 690 
8.207E- 2.319E-03 690 2.319E-03 03 
700 28.48 0.28 700 
1.080E- 3.074E-03 700 3.074E-03 02 
710 28.73 0.29 710 
1.406E- 4.041E-03 710 4.041E-03 02 
720 28.96 0.29 720 
1.867E- 5.408E-03 720 5.408E-03 02 
730 29.23 0.29 730 
2.451E- 7. 165E-03 730 7.165E-03 02 
740 29.37 0.29 740 
3.l27E- 9.l85E-03 740 9. 185E-03 02 
750 29.65 0.30 750 
3.857E- 1.143E-02 750 1.143E-02 02 
760 29.85 0.30 760 
4.589E- 1.370E-02 760 1.370E-02 02 
770 30.l6 0.30 770 
5.327E- 1.607E-02 770 1.607E-02 02 
780 30.43 0.30 780 
6.223E- 1. 894E-02 780 1.894E-02 02 
790 31.09 0.31 790 
7.290E- 2.266E-02 790 2.266E-02 02 
800 31.45 0.31 800 
8.612E- 2.709E-02 800 2.709E-02 02 
810 31.88 0.32 810 
9.549E- 3.044E-02 810 3.044E-02 02 
820 32.43 0.32 820 
1.049E- 3.404E-02 820 3.404E-02 01 
830 32.42 0.32 830 
1.117E- 3.622E-02 830 3.622E-02 01 
840 33.53 0.34 840 1.163E- 3.898E-02 840 3.898E-02 01 
850 34.55 0.35 850 1.224E- 4.230E-02 850 4.230E-02 01 
860 34.40 0.34 860 1.246E- 4.285E-02 860 4.285E-02 01 
248 
870 35.21 0.35 870 1.302E- 4.583E-02 870 4.583E-02 01 
880 36.14 0.36 880 1.36IE- 4.919E-02 880 4.919E-02 01 
890 36.27 0.36 890 l.413E- 5.127E-02 890 5.127E-02 01 
900 36.80 0.37 900 1.489E- 5.478E-02 900 5.478E-02 01 
910 37.62 0.38 910 1.506E- 5.664E-02 910 5.664E-02 01 
920 38.56 0.39 920 l.54IE- 5.940E-02 920 5.940E-02 01 
930 39.15 0.39 930 1. 572E- 6.154E-02 930 6.154E-02 01 
940 39.57 0.40 940 1.613E- 6.384E-02 940 6.384E-02 01 
950 40.36 0.40 950 1.693E- 6.834E-02 950 6.834E-02 01 
960 41.21 0.41 960 
1.712E- 7.056E-02 960 7.056E-02 01 
970 41.81 0.42 970 1.755E- 7.337E-02 970 7.337E-02 01 
980 42.67 0.43 980 
1.781E- 7.602E-02 980 7.602E-02 01 
990 43.63 0.44 990 
1.798E- 7.847E-02 990 7.847E-02 01 
1000 44.44 0.44 1000 
1.841E- 8.181E-02 1000 8.181E-02 01 
45.36 0.45 1050 0.099 
46.38 0.46 1100 0.122 
47.28 0.47 1150 0.130 
48.39 0.48 1200 0.155 
1050 49.62 0.50 1050 
1.992E- 9.886E-02 1250 0.188 01 
50.59 0.51 1300 0.195 
51.78 0.52 1350 0.185 
52.96 0.53 1400 0.193 
54.21 0.54 1450 0.206 
1100 55.45 0.55 1100 2.197E- 1.218E-Ol 1500 0.207 01 
56.87 0.57 1550 0.192 
58.30 0.58 1600 0.174 
59.68 0.60 1650 0.164 
61.07 0.61 1700 0.166 
1150 62.56 0.63 1150 
2.075E- 1.298E-Ol 1750 0.166 01 
63.99 0.64 1800 0.163 
65.55 0.66 1850 0.154 
67.24 0.67 1900 0.141 
68.87 0.69 1950 0.128 
1200 70.54 0.71 1200 2.197E- 1.550E-Ol 2000 0.120 01 
72.21 0.72 2050 0.113 
73.63 0.74 2100 0.107 
75.00 0.75 2150 0.102 
76.35 0.76 2200 0.099 
1250 77.82 0.78 1250 2.421E- 1.884E-01 2250 0.097 
249 
01 
79.13 0.79 2300 0.094 
80.42 0.80 2350 0.090 
81.72 0.82 2400 0.083 
82.82 0.83 2450 0.074 
1300 83.89 0.84 1300 2.320E- 1.946E-Ol 2500 0.073 01 
84.81 0.85 
85.73 0.86 
86.60 0.87 
87.34 0.87 
1350 88.06 0.88 1350 2.098E- 1.847E-Ol 01 
88.66 0.89 
89.26 0.89 
89.62 0.90 
90.02 0.90 
1400 90.43 0.90 1400 2.135E- 1.931E-Ol 01 
90.50 0.90 
90.92 0.91 
91.24 0.91 
91.50 0.92 
1450 91.71 0.92 1450 2.246E- 2.060E-Ol 01 
91.98 0.92 
92.27 0.92 
92.50 0.92 
92.76 0.93 
1500 92.89 0.93 1500 2.230E- 2.072E-Ol 01 
93.09 0.93 
93.22 0.93 
93.45 0.93 
93.56 0.94 
1550 93.68 0.94 1550 2.05IE- 1.922E-Ol 01 
93.76 0.94 
93.90 0.94 
94.03 0.94 
94.00 0.94 
1600 94.25 0.94 1600 1.847E- 1.740E-Ol 01 
94.16 0.94 
94.37 0.94 
94.26 0.94 
94.38 0.94 
1650 94.53 0.95 1650 1.731E- 1.637E-Ol 01 
94.38 0.94 
94.34 0.94 
94.53 0.95 
94.50 0.94 
1700 94.46 0.94 1700 1.757E- 1.660E-Ol 01 
250 
94.36 0.94 
94.54 0.95 
94.40 0.94 
94.64 0.95 
1750 94.39 0.94 1750 l.759E- 1.660E-Ol 01 
94.35 0.94 
94.30 0.94 
94.19 0.94 
94.55 0.95 
1800 94.19 0.94 1800 1.730E- 1.629E-Ol 01 
94.48 0.94 
93.92 0.94 
94.45 0.94 
94.48 0.94 
1850 93.85 0.94 1850 1.641E- 1.54lE-Ol 01 
94.19 0.94 
93.92 0.94 
93.66 0.94 
93.58 0.94 
1900 92.88 0.93 1900 1.519E- 1.41lE-01 01 
92.35 0.92 
92.58 0.93 
92.16 0.92 
92.03 0.92 
1950 92.37 0.92 1950 
1.390E- 1.284E-Ol 01 
92.11 0.92 
91.83 0.92 
93.22 0.93 
91.88 0.92 
2000 92.35 0.92 2000 
1.304E- 1.204E-Ol 01 
92.70 0.93 
92.96 0.93 
92.33 0.92 
92.86 0.93 
2050 92.78 0.93 2050 
1.214E- 1.127E-Ol 01 
92.67 0.93 
92.35 0.92 
93.05 0.93 
92.68 0.93 
2100 92.67 0.93 2100 1.152E- 1.068E-Ol 01 
92.99 0.93 
93.33 0.93 
93.30 0.93 
92.51 0.93 
2150 92.66 0.93 2150 1.106E- 1.025E-Ol 01 
91.59 0.92 
251 
92.53 0.93 
92.61 0.93 
92.83 0.93 
2200 92.76 0.93 2200 1.072E- 9.942E-02 01 
92.72 0.93 
92.20 0.92 
91.97 0.92 
92.77 0.93 
2250 92.58 0.93 2250 1.047E- 9.691E-02 01 
92.09 0.92 
92.34 0.92 
92.88 0.93 
92.11 0.92 
2300 93.40 0.93 2300 1.004E- 9.376E-02 01 
92.54 0.93 
92.62 0.93 
92.12 0.92 
91.95 0.92 
2350 93.12 0.93 2350 9.617E- 8.956E-02 02 
91.47 0.91 
91.68 0.92 
91.77 0.92 
91.08 0.91 
2400 91.21 0.91 2400 9.062E- 8.265E-02 02 
90.67 0.91 
91.35 0.91 
91.29 0.91 
90.52 0.91 
2450 90.06 0.90 2450 8.199E- 7.384E-02 02 
88.08 0.88 
90.17 0.90 
89.87 0.90 
92.21 0.92 
2500 91.18 0.91 2500 8.030E- 7.322E-02 02 
Table C.S - EA V model data for RAM C 3% 
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RAM Lamp Result Remove empty rows 
Wavelength RAM Wavelength Raw Wavelength Absorption Ratio RAM x LAMP RAM x LAMP 
nm 
0/0 
nm Data nm 
300 76.26 0.76 300 7.155E- 5.456E-09 300 5.456E-09 09 
310 71.00 0.71 310 5.669E- 4.025E-08 310 4.025E-08 08 
320 63.02 0.63 320 6.860E- 4.323E-08 320 4.323E-08 08 
330 53.70 0.54 330 1.481E- 7.953E-08 330 7.953E-08 07 
340 44.98 0.45 340 3.319E- 1.493E-07 340 1.493E-07 07 
350 39.97 0.40 350 9.151E- 3.658E-07 350 3.658E-07 07 
360 37.23 0.37 360 1.752E- 6.525E-07 360 6.525E-07 06 
370 35.58 0.36 370 1.888E- 6.716E-07 370 6.716E-07 06 
380 34.34 0.34 380 3.967E- 1.362E-06 380 l.362E-06 06 
390 32.97 0.33 390 8.39lE- 2.767E-06 390 2.767E-06 06 
400 31.07 0.31 400 1.655E- 5.142E-06 400 5.142E-06 05 
410 28.10 0.28 410 2.793E- 7.846E-06 410 7.846E-06 05 
420 24.13 0.24 420 4.269E- 1.030E-05 420 1.030E-05 05 
430 21.29 0.21 430 6.361E- l.354E-05 430 1.354E-05 05 
440 19.02 0.19 440 9.519E- 1.810E-05 440 1.810E-05 05 
450 17.60 0.18 450 1.395E- 2.456E-05 450 2.456E-05 04 
460 16.90 0.17 460 2.09lE- 3.534E-05 460 3.534E-05 04 
470 16.32 0.16 470 3.073E- 5.016E-OS 470 S.016E-OS 04 
480 16.26 0.16 480 3.862E- 6.279E-OS 480 6.279E-05 04 
490 16.71 0.17 490 4.279E- 7. 149E-05 490 7. 149E-05 04 
SOO 17.45 0.17 500 4.178E- 7.288E-05 500 7.288E-05 04 
510 18.55 0.19 510 3.902E- 7.238E-05 510 7.238E-05 04 
520 20.09 0.20 520 4.133E- 8.303E-05 520 8.303E-05 04 
530 21.12 0.21 530 4.093E- 8.642E-05 530 8.642E-05 04 
S40 21.48 0.21 S40 4.054E- 8.709E-05 540 8.709E-05 04 
5S0 22.17 0.22 550 4.311E- 9.559E-05 550 9.559E-05 04 
560 23.00 0.23 560 4.618E- 1.062E-04 560 1.062E-04 04 
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570 22.69 0.23 570 5.047E- 1.145E-04 570 1.145E-04 04 
580 22.35 0.22 580 5.773E- 1.290E-04 580 1.290E-04 04 
590 21.51 0.22 590 6.836E- 1.470E-04 590 1.470E-04 04 
600 21.15 0.21 600 7.827E- 1.655E-04 600 1.655E-04 04 
610 21.37 0.21 610 9.302E- 1.987E-04 610 1.987E-04 04 
620 21.57 0.22 620 1.157E- 2.495E-04 620 2.495E-04 03 
630 21.25 0.21 630 1.472E- 3. 127E-04 630 3.127E-04 03 
640 20.38 0.20 640 1.865E- 3.800E-04 640 3.800E-04 03 
650 19.77 0.20 650 2.374E- 4.693E-04 650 4.693E-04 03 
660 19.78 0.20 660 3.168E- 6.267E-04 660 6.267E-04 03 
670 20.31 0.20 670 4.347E- 8. 827E-04 670 8.827E-04 03 
680 20.64 0.21 680 6.040E- 1.246E-03 680 1.246E-03 03 
690 20.98 0.21 690 
8.207E- 1.722E-03 690 1.722E-03 03 
700 21.43 0.21 700 
1.080E- 2.314E-03 700 2.314E-03 02 
710 21.72 0.22 710 
1.406E- 3.055E-03 710 3.055E-03 02 
720 22.17 0.22 720 
1.867E- 4.141E-03 720 4.141£-03 02 
730 22.63 0.23 730 2.451E- 5.546E-03 730 5.546E-03 02 
740 23.10 0.23 740 3.127E- 7.224E-03 740 7.224E-03 02 
750 23.51 0.24 750 
3.857E- 9.067E-03 750 9.067E-03 02 
760 23.98 0.24 760 
4.589E- 1.100E-02 760 1.100E-02 02 
770 24.57 0.25 770 5.327E- 1.309E-02 770 1.309E-02 02 
780 25.33 0.25 780 6.223E- 1.576E-02 780 1.576E-02 02 
790 25.85 0.26 790 7.290E- 1.885E-02 790 1.885E-02 02 
800 26.70 0.27 800 
8.612E- 2.300E-02 800 2.300E-02 02 
810 27.66 0.28 810 
9.549E- 2.64IE-02 810 2.64IE-02 02 
820 28.34 0.28 820 
1.049E- 2.975E-02 820 2.975E-02 01 
830 29.90 0.30 830 
1.117E- 3.34IE-02 830 3.341E-02 01 
840 30.19 0.30 840 1.163E- 3.510E-02 840 3.510E-02 01 
850 31.07 0.31 850 1.224E- 3.804E-02 850 3.804E-02 01 
860 32.01 0.32 860 1.246E- 3.987E-02 860 3.987E-02 01 
254 
870 33.22 0.33 870 
1.302E- 4.325E-02 870 4.325E-02 01 
880 33.54 0.34 880 1.361E- 4.565E-02 880 4.565E-02 01 
890 34.48 0.34 890 l.413E- 4.874E-02 890 4. 874E-02 01 
900 35.84 0.36 900 1.489E- 5.335E-02 900 5.335E-02 01 
910 36.95 0.37 910 1.506E- 5.563E-02 910 5.563E-02 01 
920 37.81 0.38 920 1.541E- 5.825E-02 920 5.825E-02 01 
930 38.87 0.39 930 1. 572E- 6.110E-02 930 6.110E-02 01 
940 39.89 0.40 940 1.613E- 6.435E-02 940 6.435E-02 01 
950 40.98 0.41 950 1.693E- 6.939E-02 950 6.939E-02 01 
960 41.93 0.42 960 
1.712E- 7.180E-02 960 7. 180E-02 01 
970 43.14 0.43 970 1.755E- 7.570E-02 970 7.570E-02 01 
980 44.43 0.44 980 1.781E- 7.916E-02 980 7.916E-02 01 
990 45.56 0.46 990 1.798E- 8.193E-02 990 8.193E-02 01 
1000 46.79 0.47 1000 1.841E- 8.614E-02 1000 8.614E-02 01 
48.08 0.48 1050 0.106 
49.25 0.49 1100 0.133 
50.60 0.51 1150 0.142 
51.91 0.52 1200 0.169 
1050 53.40 0.53 1050 1.992E- 1.064E-01 1250 0.202 01 
54.69 0.55 1300 0.205 
56.00 0.56 1350 0.192 
57.44 0.57 1400 0.199 
58.93 0.59 1450 0.211 
1100 60.49 0.60 1100 2. 197E- 1.329E-01 1500 0.212 01 
62.20 0.62 1550 0.196 
63.76 0.64 1600 0.177 
65.50 0.65 1650 0.166 
66.95 0.67 1700 0.168 
1150 68.64 0.69 1150 
2.075E- 1.424E-Ol 1750 0.168 01 
70.27 0.70 1800 0.165 
72.02 0.72 1850 0.157 
73.68 0.74 1900 0.144 
75.23 0.75 1950 0.131 
1200 76.85 0.77 1200 
2.197E- 1.688E-Ol 2000 0.123 01 
78.38 0.78 2050 0.115 
79.72 0.80 2100 0.109 
81.00 0.81 2150 0.106 
82.22 0.82 2200 0.102 
1250 83.36 0.83 1250 2.421E- 2.018E-Ol 2250 0.099 
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01 
84.56 0.85 2300 0.096 
85.63 0.86 2350 0.090 
86.67 0.87 2400 0.084 
87.61 0.88 2450 0.077 
1300 88.43 0.88 1300 2.320E- 2.051E-01 2500 0.073 01 
89.19 0.89 
89.80 0.90 
90.49 0.90 
91.05 0.91 
1350 91.58 0.92 1350 2.098E- 1.921E-Ol 01 
92.04 0.92 
92.45 0.92 
92.73 0.93 
93.06 0.93 
1400 93.26 0.93 1400 2.135E- 1.991E-01 01 
93.47 0.93 
93.65 0.94 
93.86 0.94 
94.06 0.94 
1450 94.15 0.94 1450 2.246E- 2.115E-Ol 01 
94.29 0.94 
94.47 0.94 
94.59 0.95 
94.84 0.95 
1500 95.02 0.95 1500 2.230E- 2.119E-01 01 
94.98 0.95 
95.20 0.95 
95.20 0.95 
95.27 0.95 
1550 95.36 0.95 1550 
2.051E- 1.956E-Ol 01 
95.47 0.95 
95.48 0.95 
95.44 0.95 
95.57 0.96 
1600 95.61 0.96 1600 1.847E- 1.766E-01 01 
95.61 0.96 
95.56 0.96 
95.76 0.96 
95.74 0.96 
1650 95.64 0.96 1650 1.731E- 1.656E-01 01 
95.59 0.96 
95.87 0.96 
95.76 0.96 
95.96 0.96 
1700 95.78 0.96 1700 1.757E- 1.683E-01 01 
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95.85 0.96 
95.67 0.96 
95.73 0.96 
95.55 0.96 
1750 95.63 0.96 1750 1.759E- 1.682E-Ol 01 
95.47 0.95 
95.33 0.95 
95.62 0.96 
95.73 0.96 
1800 95.47 0.95 1800 1.730E- 1.651E-Ol 01 
95.53 0.96 
95.65 0.96 
95.24 0.95 
95.52 0.96 
1850 95.56 0.96 1850 1.641E- 1.569E-Ol 01 
95.86 0.96 
95.39 0.95 
95.00 0.95 
95.26 0.95 
1900 94.97 0.95 1900 1.519E- 1.443E-Ol 01 
94.91 0.95 
93.72 0.94 
94.62 0.95 
93.52 0.94 
1950 94.46 0.94 1950 1.390E- 1.313E-Ol 01 
94.02 0.94 
93.73 0.94 
94.31 0.94 
94.32 0.94 
2000 94.34 0.94 2000 1.304E- 1.230E-Ol 01 
94.32 0.94 
94.40 0.94 
94.48 0.94 
95.07 0.95 
2050 94.87 0.95 2050 1.214E- 1.152E-Ol 01 
95.11 0.95 
94.78 0.95 
95.22 0.95 
94.46 0.94 
2100 94.37 0.94 2100 1.152E- 1.088E-Ol 01 
94.79 0.95 
95.17 0.95 
94.41 0.94 
94.49 0.94 
2150 95.53 0.96 2150 1.106E- 1.057E-Ol 01 
94.40 0.94 
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94.53 0.95 
94.31 0.94 
94.90 0.95 
2200 94.80 0.95 2200 1.072E- 1.0 16E-01 01 
93.72 0.94 
94.31 0.94 
94.27 0.94 
94.40 0.94 
2250 94.69 0.95 2250 1.047E- 9.911E-02 01 
94.66 0.95 
94.04 0.94 
94.37 0.94 
93.15 0.93 
2300 95.15 0.95 2300 1.004E- 9.552E-02 01 
94.39 0.94 
95.04 0.95 
93.69 0.94 
93.96 0.94 
2350 93.20 0.93 2350 9.617E- 8.963E-02 02 
94.73 0.95 
94.73 0.95 
93.79 0.94 
94.50 0.95 
2400 92.67 0.93 2400 9.062E- 8.398E-02 02 
92.57 0.93 
92.44 0.92 
91.53 0.92 
91.20 0.91 
2450 93.43 0.93 2450 8.199E- 7.661E-02 02 
91.77 0.92 
91.09 0.91 
91.34 0.91 
89.54 0.90 
2500 90.97 0.91 2500 8.030E- 7.305E-02 02 
Table C.6 - EA V model data for RAM C S% 
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AppendixD 
Manufacturing parameters 
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D.l Printhead parameters 
BMPSlicer - Configuration 
Settings Printhead Parameters 
ScreenSizeX 1024 Serial Number 6003877 
ScreenSize Y 768 Model Xaar 380 
ExtentX 144.498 Drop Volume 80 picalitres 
ExtentY 115.427 Global Offset 285 
BMPSizeX 382 Encoder Divide 5 
BMPSizeY 1500 Ink Type ANALOGUE 
Exposure Time 0.4 Vacuum Level 
Delay Time 0.1 
Zthickness 0.1 
BMPResoluteX 180 
BMPResolute Y 169 
Table 0.1- Bitmap Production and Printhead Settings 
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Ptrim Offset Values TC Parameters 
Row] Waveform ID D791 
Ptrim Offset 1 -0.75 VO 21.1 
Ptrim Offset 2 -0.5625 Alpha -0.0523 
Ptrim Offset 3 -0.75 VI 13 
Ptrim Offset 4 -0.8125 
Ptrim Offset 5 -0.625 VOffset Values 
Ptrim Offset 6 -0.4375 Voffset Values -1.4375 
Table D.2 -Printbead Settings 
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D.2 Machine Settings - Preheat and Operating 
Preheat Settings 1 - One hour 
Left Feed Bed Part Bed Right Feed Bed Part Pistion Cylinder Heater Ratio 
60 130 0 150 130 0.9 
Preheat Settings 2 - Half an hour 
Left Feed Bed Part Bed Right Feed Bed Part Pistion Cylinder Heater Ratio 
60 160 0 150 130 0.9 
Preheat Settings 3 - Half an hour 
Left Feed Bed Part Bed Right Feed Bed Part Pistion Cylinder Heater Ratio 
60 160-173 75 150 130 0.9 
Operating Settings - build length 
Left Feed Bed Part Bed Right Feed Bed Part Pistion Cylinder Heater Ratio 
60 173 75 150 130 0.9 
Table 0.3 - Machine Settings - Preheat and Operating 
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High Speed Sintering - Continuing research into a new Rapid 
Manufacturing process 
Helen R Thomas, Neil Hopkinson, and Poonjolai Erasenthiran 
Rapid Manufacturing Research Group, Loughborough University, UK 
Abstract 
High Speed Sintering (HSS) is an emerging layer manufacturing technique aiming to break 
into the lucrative field of Rapid Manufacturing (RM). The process is likened to Selective 
Laser Sintering (SLS), however, instead of a laser dictating the sintered cross sectional area of 
each layer, the desired area is first printed using a Radiation Absorbing Material (RAM) and 
then sintered using an inexpensive infrared lamp. This paper begins by describing the 
sintering process in more detail and then outlining the overall manufacturing cycle. It then 
continues by describing the experiments performed to investigate the current problem 
concerning the hardness of excess powder within the powder bed. This problem arose due to 
the continual exposure of the whole bed to infrared radiation from the lamp. The experiments 
showed that as the power of the IR lamp increased, the hardness of the bed also increased. 
Furthermore, at higher IR power levels it was found the excess powder produced a solid tile 
which could only be broken down by a glass bead blaster. 
Keywords 
Rapid Manufacturing, High Speed Sintering, Inkjet Printing, Infrared Radiation. 
Rapid Manufacturing 
Rapid manufacturing, (the production of end use products by layer manufacturing) is 
becoming a viable manufacturing process within numerous engineering firms. Existing 
studies [1,2] have shown that selective laser sintering can be used to manufacture small 
components in volumes up to 14,000. After this, machine cost and build speed inhibit any 
higher economical production runs. Furthermore, Phonak Hearing Systems and Siemens 
Hearing Instruments have drawn on Stereolithography's qualities by using the technology to 
manufacture bespoke hearing aids. With SL, a batch of 75-100 hearing aids shells can be 
manufactured in six to eight hours [3]. 
In recent years, a number of other organizations have begun to pursue the design of 
layer manufacturing technologies which directly cater for Rapid Manufacturing. Speedpart 
[4] have developed and marketed a process that masks a plastic powder bed which is then 
exposed to IR radiation. This enables sintering of an entire layer in a layer manufacturing 
cycle time of 12-14 seconds [3]. Desktop Factory [5] also have a machine on the market 
which uses an inexpensive halogen light source and drum printing technology to build parts 
layer by layer from plastic powder [3]. In comparison to SLS and HSS, their build area is 
small; however their manufacturing method is similar to the technologies discussed here. 
Finally, two university based research projects are also developing potential RM processes. 
Firstly, the University of Southern California is developing a process called Selective 
Inhibition Sintering (SIS) [6,7]. This process prints a sintering inhibitor at the outline of a 
desired geometry. Infrared radiation then exposes each layer, sintering the desired cross-
sectional area. Finally, electrophotographic rapid prototyping (ERP) is being developed at the 
University of Horida. The process works by picking up and depositing powder using 
electrostatic forces [8,9]. Negative charge is deposited onto a photoconductor drum. A UV 
beam then can and di charges selective regions upon the surface of the drum. Powder is 
deposited on the e newly created discharged areas and as the roller rotates, then transferred to 
the build area. Each layer is sintered by exposure to radiant heat [8,9] . 
The e proce e possess varying manufacturing methods, yet all have two key aspects 
which pro ide them with the potential to be RM processes; firstly, sintering occurs in a time 
that i irre pective of the size, amount and shape of the 2D profiles in each layer and 
secondly the depo ition or masking of a 2D profile is performed relatively quickly. These 
advantageou characteri tic enable part cost to be reduced and therefore open up 
opportunitie to manufacture at increasing part volumes. 
Introduction to High Speed Sintering 
In the la t three year , a new layer manufacturing process has been developed at 
Lougbborough Univer ity. The process has some similarities to both Selective Laser 
Sintering (SLS) and 3DPrinting (3DP); however its novel differences suggest that in the 
future it may po e the capability to compete with injection mOUlding. Instead of an 
ex pen ive la r dictating the intered cross sectional area of each layer, the desired area is first 
printed u ing a radiation ab orbing material (RAM) and then sintered by exposing the whole 
part bed to infrar d (IR) radiation - see Figure 1. The key to the process is that the RAM 
absorb the IR radiation at a higher rate than the unprinted areas of Nylon powder. In a 
matter of econd , the printed RAM absorbs and transfers enough thermal energy to enable 
the underlying nylon powder to reach its melt temperature and initiate viscous sintering. This 
proce ha been named High Speed Sintering' (HSS) and international patent applications 
have been applied for. 
Infrared 
radiation 
Inkjet 
printhead 
Figure 1 - High Speed Sintering 
Sintered area of 
printed RAM 
Unsintered 
+---i- excess Nylon 
powder 
HS offer many advantage over SLS. The removal of the laser within HSS not only 
reduce th machin 0 t ignificantly but also increases the build speed dramatically. The 
increa ed build p d i a re ult of the infrared radiation system; the time consuming scanning 
of the la r a r th powder bed is eliminated and sintering occurs in a time that is 
irre pectiv f the iz , amount and shape of the 2D profiles in each layer. These 
advantageou hara teri tic hold the key to HSS' s progression into the field of rapid 
manufacturing. 
Process Development 
In 200 H pkin on and Era enthiran proved that the addition of carbon black to a 
tandard Ion d r in r a ed the rate of sintering such that an entire layer may be 
inter d in 5 u ing an infra-red lamp [10]. They then manufactured tensile test 
beam then can and di charge elective regions upon the surface of the drum. Powder is 
depo ited on the e newly created discharged areas and as the roller rotates, then transferred to 
the build area. Each layer i intered by exposure to radiant heat [8,9]. 
The e proce e po e varying manufacturing methods, yet all have two key aspects 
which provide them with the potential to be RM processes; firstly, sintering occurs in a time 
that i irre pective of the ize, amount and shape of the 2D profiles in each layer and 
secondly, the depo ition or rna king of a 2D profile is performed relatively quickly. These 
advantageou characteri tic enable part cost to be reduced and therefore open up 
opportunitie to manufacture at increasing part volumes. 
Introduction to High Speed Sintering 
In the la t three year , a new layer manufacturing process has been developed at 
Loughborough Univer ity. The process has some similarities to both Selective Laser 
Sintering (SLS) and 3DPrinting (3DP); however its novel differences suggest that in the 
future it may po e the capability to compete with injection moulding. Instead of an 
expen ive la er dictating the intered cross sectional area of each layer, the desired area is first 
printed u ing a radiation ab orbing material (RAM) and then sintered by exposing the whole 
part bed to infrared (IR) radiation - ee Figure 1. The key to the process is that the RAM 
ab orb the IR radiation at a higher rate than the unprinted areas of Nylon powder. In a 
matter of econd the printed RAM ab orbs and transfers enough thennal energy to enable 
the underlying nylon powder to reach it melt temperature and initiate viscous sintering. This 
proce ha b en named High Speed Sintering' (HSS) and international patent applications 
have been applied for. 
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Figure 1 - High Speed Sintering 
H fi r many advantage over SLS. The removal of the laser within HSS not only 
reduce th machin 0 t ignificantly but also increa es the build speed dramatically. The 
increa d build p d i a re ult of the infrared radiation system; the time consuming scanning 
of the la r acro the powder bed i eliminated and sintering occurs in a time that is 
f th iz amount and hape of the 2D profiles in each layer. These 
haracteri tic hold the key to HSS's progression into the field of rapid 
Process Development 
In 2 0 Hopkin n and Era enthiran proved that the addition of carbon black to a 
tan d ard 1 n p d r in r a d the rate of intering such that an entire layer may be 
intered in 5 u ing an infra-red lamp [10]. They then manufactured tensile test 
pecimen via HSS and found that the mechanical properties of the HSS material were better 
than that of equivalent SLS parts - see Table 1 [10]. 
% (by weight) of Youngs' Modulus Elongation at break 
Proce arbon black mixed UTS (MPa) 
with Duraform (MPa) (%) 
SLS* 0 1600 44 9 
HSS 0.25 1633 47.5 18 
HSS 2 1666 46.4 15 
Table 1 • HSS and SLS part properties • provided by 3Dsystems.com 
The ucce of the initial experiments performed by Hopkinson and Erasenthiran led 
to indu trial upport of the project. An SLS machine was given from 3D systems to the Rapid 
Manufacturing Re earch Group (RMRG) at Loughborough University enabling the creation 
of a HSS te t rig. The te t rig wa then used to experiment HSS via masking and to begin 
inve tigating HSS ia depo ition of a secondary material to promote energy absorbance. 
HSS ia rna king wa inve tigated by Thomas, H.R. in 2005. A series of masks were 
attached to the roller and the bed was filled with premixed Nylon 12 and carbon black (2% by 
weight). Th unma ked area of the bed was then exposed to IR radiation. Sintering was 
succe ful' although, the repeatability of the roller position was poor. This made it difficult to 
produce multi la er part a it was impossible to place the mask in the same position each 
time. At thi point it wa decided to proceed onto the second method of sintering. 
Th cond method (HSS via deposition of a secondary material to promote energy 
ab orbance) de rib d wa achieved by selectively printing a Radiation Absorbing Material 
(RAM) onto the powd r bed. The HSS test rig was adapted for this new role by attaching an 
inkjet printh ad and Infrared lamp onto the roller. This setup is illustrated in Figure 2 and 
Figur 3. 
LHS Feed Bed Heater Main Powder Bed Heater RHS Feed Bed Heater 
RHS Feed Bed 
LHS Feed Bed Roller System Main Powder Bed 
Figure 2 - The HSS machine 
A H manufa turing method wa then developed and automated by creating and 
running a r gramm t ntrol the po ition of the roller, powder bed heights, when the 
inkjet printhead print and when the IR lamp exposes the bed to IR radiation. Figure 3 
illu trate a clo e up of the build area. 
Rollel System 
Roller Encased IR lamp Encased Print head 
Powder hed Printed image 
Figure 3 - A close up of the HSS build area 
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Th manufa turing method i currently being optimized; however, the current cycle 
operate a f Bow : 
o A la er f ylon powder i depo ited onto the build area (from left to right). 
o U ing a radiation ab orbing material (RAM), a 2D profile is then printed onto the 
ylon p wder 
o FolIo ing th printhead an IR element, exposes the image as the roller traverses 
the b d fr m right to 1ft). 
o Th RAM th~n ab orb the IR radiation at a higher rate than the Nylon powder. 
o The RAM th rmal nergy i then transferred to the nearby Nylon powder. The 
ylon p wd r then r ache it melt temperature and viscous sintering is initiated. 
o The d ir d 20 profil ha now been sintered. 
o Anoth r la r f powder i depo ited onto the build area and the process is 
r p at d until th r quir d geometry ha been manufactured. 
Current Manufacturing Issues 
On of the main i ue that aro e during the process development of HSS was the 
hardne of th p der within the HSS part bed. Compared to SLS, the HSS part bed 
receive mor th nnal n rgy due to the canning of the whole part bed by the Infrared lamp 
thu cau ing partial int ring. Although the partial intering of the excess powder does not 
affect the pr p rti f th part, it doe affect part removal. Therefore, it was decided to 
explore thj pr bl m furth r and inve tigate the effect of a change in IR power level, upon the 
hardne f P r ithin the HSS part bed. It wa anticipated that the results from 
the in e tigati n uld highlight which heat ource provided the thermal energy that caused 
the partial intering of the main part bed. This information would then be used to eradicate 
the problem and enable easy excess powder removal within the process. 
Initial ob ervation of the process had shown that once a part has been manufactured, 
and the machine allowed to cool down overnight, more than half the excess powder within the 
part bed had been partially intered. It was also found that the excess powder exhibited 
different characteri tic , depending upon its position within the bed. Figure 4 illustrates three 
area in wruch di tinct difference were observed. 
1 Area 1 Area 2 Area 31 
Excess Powder Sintered part 
Figure 4 - Areas of partial sintering within the HSS part bed 
Po der in ar aIr mained soft and was very easily removed from the bed. Powder in 
area two wa ignificantly harder and a scalpel had to be used to break away the powder. 
Finally powd r in ar a three wa almo t as hard as the part itself and had to be removed using 
a hot bla ter - e Figur 5. 
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Fi ure 5 - Partially intered excess powder around part 
ariati n in powder hardne s across the whole part bed it wa decided to 
rim n that would map the hardness of the excess powder throughout 
The exp riment were performed by processing 20mm of Nylon 12 powder using 
different part b d heater temperatures and IR power levels - see Table 2. Additionally, no 
RAM wa printed onto the bed during the experiments. As a result, this eliminated any effect 
that th thermal energy emitted from a part would have on the excess powder within the bed. 
Experiment Temperature setting for IR IR lamp Power level 
Number part bed Heater (0 - 10) 
la, lb, Ic 100 0, 5, 7 
2a,2b, 2 105 0, 5, 7 
Table 2 - Experimental IR power levels to test powder hardness 
Finall , it i important to note that, at present, the temperatures of the part bed heaters 
are not calibrated to °C and the numbers merely provide a reference point for the experiments. 
Methodology 
Each p rim nt tarted by placing virgin powder into the left hand side feed bed and 
main part b d. Th initial levels of the beds are shown in Figure 6. 
Overflow powder 
Figure 6 - Powder bed heights (Powder Hardness) 
Th rna hin a then left to preheat for two hours. Once the main part bed and left 
hand id fe d b d had preh ated to appropriate temperatures, the beds were then raised to 
their rnanufa turino t mp rature. The C programme was then programmed to process 200, 
O.lrnm Ia r and th build wa tarted. Once the cycle had finished , the bed heaters were all 
witch d ff and th rna rune wa left to cool down overnight. The following morning, the 
build hamb r p n d and a ma k placed onto the powder bed - see Figure 7. 
Figur 7 - Plate to locate positions to test powder 
A random number generator wa then used to create a list of the order in which each 
hole wa to b t ted. A Rid dale hardness tester (normally used to test the hardness of 
compacted and in a ca ting mould) was then inserted into each hole and a hardness level was 
recorded - Figure. 
A le led hole 
withjn the ---
part b d 
Ma k o erlhe __ _ 
powder b d 
Figure 8 - Taking a powder hardness reading 
Ridsdale 
--- hardness 
tester 
On all th mea urement had been taken, the powder was removed from the 
machin and fr h irgin powder placed into the machine. The next experimental variables 
wer th n te t d in a tl th arne way. 
On further p riment that was performed was the measurement of bed hardness in 
an SLS rna hin . Th m a urernent of the powder bed hardness were taken after a normal 
SLS build and r rd d in e actly the arne way that is described above. The results are 
hown in th n t ti n and are u ed a a comparison to the hardness of the HSS bed. 
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part bed, part bed heater = 172°C 
Figur 9 illu trate the powder bed hardness in an SLS machine. The part bed 
contain oft powder and the SLS parts were easily removed from the bed. The results 
demon trate that in thi ca e the SLS part bed heater had very little effect upon the hardness 
of the ex powder. Furthermore, it was observed that the excess powder located next to 
the SLS parts exhibited a imilar softness to that of the rest of the powder bed. This leads to 
the ob ervational onclu ion that SLS parts do not emit enough thermal energy to the 
urrounding e e material that initiates any degree of sintering. 
The next thre figure illu trate the first set of HSS part bed harness tests. 
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Fi ure 10 - Exp 1a: Part bed = 100, Infrared power level = 0 
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Figure 12 - Exp Ie: Part bed = 100, 
Infrared power level = 7 
hj 
powd r d h 
r ult illu trate the range of powder bed hardnesses when the 
ttl nd th IR power' 0 5 and 7. 
Figure 10 how that when the bed is not exposed to IR radiation from the lamp, it 
remain oft. Thi i a imilar powder hardness to that achieved in SLS - see Figure 9. 
Howe er, onc th bed i exposed to IR power levels 5 and 7, the hardness increases 
dIamati all to Ie 1 that would make it very difficult to remove parts. At power level 5, the 
tiff til an b broken by hand however, at power level 7, the powder tile can only be broken 
down b a alp 1 or hot bla ter. Furthermore, the results show that the immediate front and 
back of the rna hin r main oft due to firstly, the IR radiation emitted from the lamp not 
expo ing th tr me of the bed and secondly, the thermal energy within the powder bed is 
able to di ipat through the machine bed walls. 
Th n t thr e imag how th re ults taken when the part bed heater was set to 105. 
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i ur 13 - Exp 2a: Part bed = 105, Infrared power level = 0 
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Figure 15 - Exp 2c: Part bed = 105, 
Infrared power level = 7 
iUu trat a further increa e in powder bed hardness when 
iati n. T begin with, when the bed is only exposed to 
thennal radiation from the part bed heater, it exhibits a medium powder hardness - Figure 13. 
At this level, the powder can be broken up by applying some force with hands. Compared to 
Figure 10, there is a significant difference, thus providing the conclusion that the part bed 
heater does have an effect upon the part bed hardness within the HSS test rig. 
Figure 14 and 15 illustrate further the effect of exposing the already medium level 
powder hardness to IR radiation from the lamp. In these two experiments, the tile was solid 
and could only be broken up using a scalpel or shot blaster. 
Experimental Conclusions 
The experiments have shown that the additional thennal energy delivered to the bed 
by the IR lamp, results in an increased hardness of the powder. As the power of the IR lamp 
increases, the hardness of the bed also increases. However, the bed hardness is also 
influenced by the power of the main part bed heater. This illustrates the necessity to balance 
the power of part bed heater and IR lamp to enable easy powder removal. To understand the 
problem further, the following studies are planned: 
1. Investigation to detennine what kind of sintering is occurring to the excess powder 
within the main part bed i.e. solid state sintering or viscous sintering. 
2. Measurement of the amount of thennal energy emitted from the IR lamp at power 
levels 0-10. 
3. Calibration and measurement of the amount of thermal energy emitted from the part 
bed heater. 
4. Measurement of the absorbency of Nylon 12 at a range of IR wavelengths. 
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Appendix F 
Results from HSS builds 
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F.l DSC traces from powder samples 
Sample Heat of melting (JIg) Average melt point ·C 
Sample 1 111.56 183.97 
-< 
:E Sample 2 103.74 184.29 ~ 
Sample 3 94.29 184.23 
':!e 
• 
Sample 1 99.47 184.31 
III 
U Sample 2 105.19 183.86 
:E 
~ Sample 3 103.49 184.51 
':!e 
• 
Sample 1 91.88 184.08 
~ 
U Sample 2 80.12 185.22 
:E 
~ Sample 3 84.50 184.64 
':!e 
• 
Sample 1 93.36 184.63 
N 
U Sample 2 105.76 184.45 
:E 
~ Sample 3 73.18 184.03 
~ Sample 1 101.35 184.17 • III 
= U Sample 2 85.09 184.68 
:E 
~ Sample 3 110.65 184.58 
Table F.l - DSC data collected from powder samples 
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~-------------------"~t 
.. 
Peak 
Onset 
Endset 
Heat 
lB3 .97C \ I 
177.70C 
lB7.92C 
-11 1.56J1g 
Figur F.l - 0 C trace - Powder sample from RAM A build, Sample 1 
~~K~ ________________________________________________________________ _ 
• 
-, r 
, 
I Peak 184 29C \ I 
On •• t 177 BOC \ I 
Ene .. t lBB 10C tv Heat -10374J/g 
200 
Fi ur .2 - 0 trac - Powder sample from RAM A build, Sample 2 
-
P.lk 184 23C 
On •• t 17879C 
Eno •• t 188 13C 
Hell -94 29J1g 
h Ur . - 0 tn} ample from RAM A build, ample 3 
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.,e 
~~I~-----------------------------------------------------------------, 
Peak 
Onset 
End.et 188,59C 
Heat -99 ,47.vg 
~~------------------------~,~,---------------------------~,-------~ 
Figure F.4 - DSC trace - Powder sample from RAM C5% build, Sample 1 
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T.,., IQ 
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Onset 
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,~  
177,70C 'V 188,08C 
-10519JIQ 
... 
Figur F.S - 0 C trace - Powder sample from RAM CS% build, Sample 2 
ur . - 0 
T..., [CJ 
Peak 
Onset 
End.et 
Heat 
JJi 
188 aoc , 
-103 49.vg 
true - Po~ der ample from RAM CS% build, Sample 3 
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0It 
~W~r---------------------------------------------------------------' 
j 
I 
Peak 184.08C 
V 
Onset 177 57C 
Endset 188.21C 
Heat -91 88J/g 
, .. ... 
T ..... !Cl 
Figure F.7 - DSC trace - Powder sample from RAM C3% build, Sample 1 
Ole 
~~,~------------------------------------------------------------~ 
Peak 16522C 
Onset 179 12C 
Endset 189 MC 
Heat -80.1 2Jig 
Figure F.8 - DSC trace - Powder sample from RAM C3% build, Sample 2 
•• e ~Wql.-____________________________________________________________ -, 
Peak 184 64C 
Onset 178 79C 
Endset 188 80C 
Heat -84 51lJ1g 
Figure F.9 - DSC trace - Powder sample from RAM C3% build, Sample 3 
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Figure F.IO - 0 C trace - Powder sample from RAM C2% build, Sample 1 
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ole 
m~~ ________________________________________________________________ -. 
~ 
Peak 1B4.11C I 
Onset 111.34C 
V Endset l BB .37C Heat -101 .35JIg 
200 
r-.IC) 
Figure F.13 - DSC trace - Powder sample from RAM CO.S% build, Sample 1 
ole 
m~~ ________________________________________________________________ , 
PeaK lB4 .6BC 
Onset 17B 6BC 
Endset lBB.77C 
Heat -B5.09..Vg 
II.) 200 
Figure F.14 - DSC trace- Powder sample from RAM CO.S% build, Sample 2 
ole 
m~'r------- --________________________________________________________ -, 
Peak 1 B4 .SBC 
Onset l1B.69C 
Endsot lBB.BSC 
Heat -11065J/g 
Fi ure F.lS - D C trace - Powder sample from RAM CO.S% build, Sample 3 
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F.2 DSC traces from parts 
Sample Sample Heat of % 
weight (mg) melting (JIg) Crystallinity 
Top (3) 5 27.94 58.47 
cr: 
• Middle (2) 4.8 30.52 63.88 ~ 
Bottom (1) 5 28 58.6 
~ ~ Top (3) 4.9 32.05 67.08 
u Middle (2) 4.6 31.38 65.67 
• ~ Bottom (1) 5.4 
- -
~ 0 Top (3) 4.5 35.84 75.01 
"" CJ Middle (2) 5.2 31.85 66.67 
• ~ Bottom (1) 5.2 31.397 66.92 
~ 0 Top (3) 5.2 35.57 74.44 
N 
CJ Middle (2) 4.9 34.16 71.49 
• ~ Bottom (1) 5.3 34.22 71.63 
~ Top (3) 5 34.18 71.54 • 
." 
C 
CJ Middle (2) 5 38.17 79.9 
• ~ Bottom (1) 5.3 43.12 90.25 
Table F.2 - DSC data collected from HSS parts 
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ole 
~~r-----------------------------------------------------------------, 
Peak 174.85C 
Onset lS9.41C 
Endset l88.06C 
Heat -S8 .49J/g 
100 ... 
T .... ICJ 
Figure F.16 - DSC trace - RAM A, DSC specimen 3 (Top) 
ole 
~~'~-----------------------------------------------------------------. 
Peak l7S .42C 
Onset l69.l l C 
Enoset l89.02C l8S.39C 
Heat -64.l3J/g 
'00 200 
T.."ttJ 
Figure F.17 - DSC trace - RAM A, DSC specimen 2 (Middle) 
ole 
~~r-----------------------------------------------------------------, 
PeaK 179.09C 
Onset 170 04C 
End,et 188 SBC 
Heat -S861J/g 
Figure F.IS - DSC trace - RAM A, DSC specimen 1 (Bottom) 
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.'" .~I~------------------------------------------------------------~ 
.'" 
Peak 
Onsel 
Endset 190 .06C 
Heal -66 I I JIg 
... 
Figure F.J9 - 0 C trace - RAM C 5%, DSC specimen 3 (Top) 
ur _2 - 0 
f pu r 1..1 -
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I Endset 
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trace - RAM C 5%, D C pecimen 2 (Middle) 
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HilI -66 9oU'g 
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Iro - RAM 0/ 0 , p cimen 1 (Bottom) 
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Ole 
~~~~-----------------------------------------------------------------, 
Peak IBS .BIC 
On.et IBO.32C 
Endset 19O.IBC 
Heat -16 .SIJ/g 
II. 
'" r..,.['1 
Figure F.22 - DSC trace - RAM C 3%, DSC specimen 3 (Top) 
ole 
~~Ir------------------------------------------------------------------' 
Peak 
Onset 174 .S3C 
Endset 191 .3SC 
Heat -SB .04Jtg 
Figure F.23 - DSC trace - RAM C 3%, DSC specimen 2 (Middle) 
Ole 
~~Ir-----------------------------------------------------------------, 
Peak 
Onset 17S .26C 
End'et 191 sec 
Heat -63 23Jtg 
Figure F.24 - DSC trace - RAM C 3%, DSC specimen 1 (Bottom) 
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.. t 
.~Ir-----------------------------------------------------------------~ 
Peak 1SS.14C 
Onset 179.47C 
Encset 19034C 
Heat -7447J/g 
, .. ,.. 
''''[Cl 
Figure F.2S - D C trace - RAM C 2%, DSC specimen 3 (Top) 
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I 
Omet 174 B4C Y Endset 19131C He.t -6532J1Q 
... ,.. 
_1Cl 
- 0 trace - RAM C 2% D C specimen 2 (Middle) 
onset 174 93C 
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Heat -63 46J1g 
I 'ur F.~ - D tr.1 - R M 2% , D im n I (Bottom) 
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ole 
~wr-________________________________________________________________ -' 
-I', 
lj 
Peak 18S .21C 
Onset 17B.S1C 
Endset 1BS .7BC 
Heat -13.2OJ/g 
"" 
zoo 
'_1Cl 
Figure F.28 - DSC trace - RAM C 0.5%, DSC specimen 3 (Top) 
010 
~W',-________________________________________________________________ -, 
10 
•. 
Peak lB5.52C 
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Figure F.29 - DSC trace - RAM C 0.5%, DSC specimen 2 (Middle) 
ole 
.w,,-________________________________________________________________ , 
10 
~--------~~v Ends_t 190 3SC 
Heat -B944J/g 
·It 
'01 zoo 
Figure F.30 - DSC trace - RAM C 0.5%, DSC specimen 1 (Bottom) 
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F.3 mechanical properties ofHSS parts 
RAM RAM RAM RAM RAM RAM RAM 
A CS% CS% C3% C2% C 8 
a b O.S% 
IF 8.12 4.16 5.47 5.39 2.83 0.00 
bottom 
(1) 
18 8.00 7.14 4.75 4.86 4.68 2.64 0.00 
IF 7.08 5.60 4.06 5.20 4.72 2.66 0.00 
middle 
(2) 
28 7.41 6.67 4.66 5.08 5.31 2.89 0.00 
3F 7.48 5.80 3.95 5.39 4.37 2.25 0.00 
top (3) 
38 8.36 6.11 4.02 5.89 5.11 2.62 0.00 
Average 7.74 6.26 4.27 5.32 4.93 2.65 0.00 
Table F.3 - Elongation at break of HSS parts 
RAM RAM RAM RAM RAM RAM RAM CS% A CS%a b C3% C2% CO.S% 8 
IF 45.74 6.94 8.47 6.57 1.91 0.00 
bottom 
(1) 
18 47.00 21.59 9.30 10.18 7.99 2.22 0.00 
2F 44.86 17.02 6.61 9.21 6.96 1.84 0.00 
middle 
(2) 
28 46.50 20.25 8.74 10.98 8.85 2.21 0.00 
3F 46.24 17.95 6.87 9.21 7.19 1.60 0.00 
top (3) 
38 46.78 21.27 8.78 10.83 9.11 1.99 0.00 
Average 46.19 19.62 7.87 9.81 7.78 1.96 0.00 
Table F.4 -Ultimate Tensile Strength of HSS parts 
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RAM RAM RAM RAM RAM RAM RAM 
A C5% C5% C3% C2% C B 
a b 0.5% 
IF 2589.5 419.8 551.4 369.3 119.8 0.0 
bottom 
(1) 
2526.0 IB 997.6 461.9 631.2 460.0 192.1 0.0 
2F 2931.1 935.0 446.1 556.5 4l3.1 163.1 0.0 
middle 
(2) 
2B 2675.6 1044.9 500.1 665.9 481.5 155.2 0.0 
3F 2727.5 854.6 489.0 680.0 382.2 130.7 0.0 
top (3) 
3B 2851.2 1065.1 586.5 554.1 516.3 187.6 0.0 
Average 2716.82 979.44 483.90 606.52 437.07 158.08 0.00 
Table F.S -Elastic Modulus ofHSS parts 
288 
Appendix G 
Experimental readings taken during the manufacture of the HSS parts 
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G.t - Powder bed hardness 
Reading RAM RAM RAM RAM RAM RAM RAMB 
position A C5% CO.5% C2% C3% Cl% 
1 0 0 0 0 7 0 5 
2 31 8 18 8 10 4 25 
3 55 36 52 38 28 14 35 
4 73 40 55 36 45 16 55 
5 74 28 58 30 28 19 55 
6 65 33 56 43 17 3 46 
7 28 II 40 15 16 4 23 
8 90 82 92 91 83 48 86 
9 91 85 90 92 83 75 88 
10 91 87 90 90 86 68 88 
11 91 87 91 90 87 75 88 
12 91 88 91 90 86 75 87 
13 90 88 91 88 83 67 86 
14 90 80 89 86 75 43 83 
15 93 88 90 92 90 84 90 
16 94 90 91 93 91 84 91 
17 94 89 91 92 90 83 91 
18 93 87 87 91 89 79 90 
19 93 89 92 91 88 84 90 
20 94 86 92 91 90 83 90 
21 94 97 92 90 87 79 89 
22 95 90 92 93 93 87 91 
23 95 93 94 94 94 92 93 
24 98 92 93 94 93 91 92 
25 96 93 93 94 94 90 92 
26 96 92 94 94 93 90 91 
27 95 93 95 94 93 91 92 
28 93 91 93 92 90 86 90 
29 95 86 91 93 94 86 91 
30 95 92 93 94 94 90 93 
31 94 91 93 94 93 87 92 
32 95 90 92 93 93 88 92 
33 95 91 93 93 92 85 92 
34 95 92 93 93 91 84 92 
35 95 91 92 91 89 82 90 
36 80 77 79 88 85 84 81 
37 90 83 88 90 90 87 88 
38 93 83 89 91 90 81 88 
39 91 86 88 90 88 89 90 
40 91 88 93 90 89 86 88 
41 87 88 92 87 85 83 84 
42 84 86 87 83 76 78 82 
43 0 0 0 0 0 12 0 
44 0 0 0 15 40 69 18 
45 55 4 0 70 30 77 40 
46 25 50 54 24 32 66 40 
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47 50 12 32 55 41 71 20 
48 57 45 65 66 40 60 31 
49 0 8 10 12 21 21 20 
Table G.l- powder hardness 
G.2 - Printhead temperatures 
RAM A RAMCO.5% RAMC2% RAMC3% RAMC5% RAMB 
Temp Real Temp Real Temp Real Temp Real Temp Real Temp Real 
'c Time 'c Time 'c Time 'c Time ·C Time "C Time 
33.3 13:00 32.2 13:00 32.6 13:03 32.4 13:03 33.3 13:30 
33.7 13:20 32.8 13:15 32.9 13:15 32.8 13:16 33.5 13:15 34.2 13:45 
34.9 13:40 33.9 13:35 33.9 13:30 33.8 13:30 33.9 13:30 34.3 14:00 
35 14:00 34.2 13:45 34.2 13:45 34.2 13:45 34.4 13:45 34.4 14: 15 
35.1 14:20 34.4 14:00 34.4 14:03 34.4 14:00 34.6 14:00 34.5 14:30 
35.2 14:40 34.4 14:15 34.5 14:15 34.5 14:15 34.8 14:15 34.5 14:45 
35.3 15:00 34.5 14:31 34.6 14:32 34.6 14:30 34.7 14:30 34.5 15:00 
35.3 15:20 34.6 14:47 34.6 14:43 34.6 14:45 34.8 14:45 34.5 15:15 
35.3 15:40 34.6 15:15 34.7 14:59 34.8 15: 15 34.9 15:00 34.6 15:30 
35.3 16:00 34.6 15:31 34.7 15:18 34.8 15:30 34.9 15:15 34.6 15:45 
35.3 16:20 34.6 15:47 34.7 15:30 34.8 15:45 34.9 15:30 34.6 16:00 
35.3 16:40 34.7 16:17 34.7 15:55 34.8 16:10 35.0 15:45 34.5 16:15 
34.7 16:30 34.8 16: 17 34.8 16:30 35.0 16:00 34.6 16:30 
34.7 16:30 16:15 34.6 16:45 
Table G.2 - Printhead Temperature 
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G.3 - Pyrometer readings 
R2 BS% BO.5% 
Real Pyrometer Real Pyrometer Real Pyrometer 
Time reading Time reading Time reading 
13:00 172.6 13:01 172.3 
13: 15 171.9 13:25 172,4 13: 15 171.8 
13:30 172.7 13:30 172.7 13:35 171.9 
13:45 172.4 13:47 172.4 13:45 171.8 
14:00 172.6 14:00 172.8 14:03 171.9 
14: 15 172.6 14: 15 172.5 14:15 171.9 
14:30 172.2 14:34 173 14:31 171.6 
14:45 172.5 14:47 172 14:48 172.1 
15:00 173 15:03 173.3 15:00 172.1 
15:15 172.3 15:15 172.7 15:15 172.3 
15:30 172.6 15:30 172.1 15:30 172.4 
15:45 172.8 15:46 172.1 15:48 172.1 
16:00 172.3 16:04 172.9 16:18 172.7 
16: 15 172.3 16:17 172.7 16:32 171.9 
16:30 172.8 
Table G.3 - Pyrometer readings 
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82% 83% Analogue 
Real Pyrometer Real Pyrometer Real Pyrometer 
Time reading Time reading Time reading 
13:03 172.4 13:08 171.9 13:00 
13:15 171.9 13:17 172.2 13: 15 
13:30 172.6 13:30 172.6 13:30 172.1 
13:43 172.6 13:48 172 13:45 172.6 
14:03 172.8 14:00 172.7 14:00 173.1 
14: 15 172.3 14: 15 172.4 14: 15 172.1 
14:34 172.6 14:32 173 14:30 173.1 
14:45 172.6 14:44 173.4 14:45 172.8 
15:00 173 15:14 173 15:00 173.3 
15:17 172.8 15:32 172.6 15: 15 172.9 
15:34 173.3 15:45 172.7 15:30 172.5 
15:54 172.1 16:10 172.2 15:45 172.6 
16:16 172.6 16:28 172.8 16:00 172.5 
16:29 173.2 16:15 172.5 
16:30 172.7 
16:45 172.9 
17:00 172.5 
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